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ABSTRACT 


Extracts  of  thyroid  tissue  of  the  burbot  Lota  lota  Linnaeus  contain  at  least 
three  proteolytic  enzymes  with  acid  pH  optima,  which  can  be  demonstrated  by 
the  use  of  hemoglobin  substrate  and  the  Folin  Ciocalteau  Phenol  reagent  method 
of  Anson  (1938)  .  The  enzymes  are  characterized  by  their  low  temperature 
stability  and  their  instability  to  low  pH  at  room  temperature.  The  activity  of 
the  enzymes,  in  crude  extracts,  is  increased  by  0.01  M  cysteine  and  inhibited 
by  0.01  M  iodoacetate,  glutathione,  methyl  mercapto-imidazole,  ferrous 
ammonium  sulphate,  and  EDTA,  suggesting  the  presence  of  both  metal-and 
sulfhydryl-dependent  enzymes. 

The  enzymes  appear  to  function  as  part  of  a  system  responsible  for  the 
release  of  iodoamino  acids  from  thyroglobul in,  although  they  have  limited 
effect  on  thyroglobul  in  under  the  conditions  used  in  this  study.  Injections  of 
TSH  into  fish  increased  the  activity  of  the  enzymes  which  reached  a  maximum 
at  about  six  hours  after  injection  at  15  C.  Although  the  burbot  was  insensitive 
to  the  purified  TSH  preparation  at  5  C,  they  did  respond  to  crude  fish  pituitary 
extracts.  During  the  autumn  a  seasonal  change  in  the  sensitivity  of  the  fish 
thyroid  to  mammalian  TSH  was  observed.  In  vitro  additions  of  TSH  to  the 
enzyme  were  inhibitory. 

The  most  active  enzyme  characterized  by  the  lowest  optimum  pH 
(enzyme  1),  was  studied  in  detail  in  extracts  from  fish  caught  in  summer  and 
winter.  During  the  summer  the  proteinase  exhibited  an  increased  resistance 
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to  temperature  inactivation  and  an  increased  sensitivity  to  iodoacetate  inhibition 
as  well  as  a  higher  Michaelis  constant.  Rate-temperature  curves  of  enzyme  1 
showed  a  change  in  slope  so  that  QlO  values  above  the  critical  temperature 
(temperature  at  which  the  slope  changed)  were  generally  higher.  The  critical 
temperature  increased  from  January  to  July  in  step  with  the  increase  in 
environmental  temperature. 

The  distribution  of  iodide  in  the  burbot  is  dominated  by  the  skin,  which 
accumulates  high  concentrations  of  this  ion.  Values  for  skin  range  from 
227  pg%  to  816  pg%  and  serum  values  range  from  7 yg%  to  30  jug% .  These 
values  indicate  the  magnitude  of  seasonal  variation  which,  in  the  case  of  serum, 
appears  to  be  caused  by  seasonal  temperature  changes. 

The  activity  of  the  primary  enzyme  was  greatest  in  spring  and  fall 
when  the  water  temperature  was  changing,  while  the  relative  activities  of 
the  enzymes  with  higher  pH  optima  declined  in  the  winter.  These  observations 
are  interpreted  as  indicating  that  the  thyroid  in  Lota  lota  may  be  involved  in 


temperature  acclimation. 
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INTRODUCTION 


The  importance  of  the  neural  and  endocrine  systems  in  modifying  the  direct 
cellular  response  which  occurs  during  temperature  acclimation  of  poikilotherms  has 
been  the  subject  of  several  recent  reviews  (Precht,  1958,  1964;  Prosser,  1962; 
Jankowsky,  1964).  The  influence  of  photoperiod  on  chill  resistance  in  the  gold¬ 
fish  Carassius  auratus  (Hoar  and  Robertson,  1959),  and  on  metabolic  acclimation 
in  the  sunfish  Lepomis  gibbosus  (Roberts,  1964),  can  be  explained  satisfactorily 
only  by  assuming  that  some  integrating  mechanism  is  involved.  Leloup  and 
Fontaine  (1960)  have  shown  that  temperature  acclimation  in  the  eel  (Anguilla 
anguilla)  is  influenced,  in  part,  by  the  pituitary.  Hoar  and  Robertson  (1959) 
and  Hoar  and  Eales  (1963)  feel  that  photoperiod  may  act  upon  the  thyroid  of 
the  goldfish  via  the  hypothalamo  -  hypophyseal  system  to  influence  temperature 
acclimation.  Hochachka's  (1962)  work  supports  this  view.  In  the  brook  trout 
(Salvelinus  fontinalis)  thyroxine  treatment  produces  shifts  in  glucose  metabolism 
to  favor  the  pentose  phosphate  pathway  (Hocjhachka,  1962).  This  pathway  be¬ 
comes  important  also  in  fish  acclimated  to  low  temperatures  (Hochachka  and 
Hayes,  1962). 

The  research  discussed  above  suggests,  but  does  not  prove,  a  thyroid  involve¬ 
ment  in  temperature  acclimation.  Several  factors  have  contributed  to  the  difficulty 
of  specifying  the  thyroid's  role.  Temperature  acclimation  is  itself  a  highly  complex 
physiological  process  (Precht,  1958,  1964;  Prosser,  1962;  Jankowsky,  1964). 

Further,  the  radioisotope  methods  commonly  used  to  measure  thyroid  activity  in 
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conjunction  with  temperature  change,  have  important  limitations  (Leloup  and 
Fontaine,  1960;  Eales,  1964,  1965). 

Temperature  changes  which  affect  the  metabolism  of  poikilotherms  similarly 
affect  the  parameters  by  which  thyroid  activity  is  measured.  Therefore,  it  may  be 
difficult  to  quantify  subtle  but  real  changes  in  thyroid  activity  (thyroid  hormone 
release)  during  environmental  temperature  change.  Furthermore,  the  Initial 
direct  metabolic  response  to  an  increase  or  decrease  in  temperature  may  be 
altered  subsequently  by  acclimation.  If  one  can  measure  the  effect  of  temperature 
on  thyroid  activity,  it  is  still  difficult  to  evaluate  the  physiological  significance 
of  the  measured  change.  An  example  of  this  difficulty  is  found  in  the  work  of 
Floffert  and  Fromm  (1959)  who  reported  that  the  thyroid  hormone  secretion  rate  and 
total  oxygen  consumption  of  rainbow  trout  (Salmo  gairdnerii)  both  decreased  with 
lowered  temperatures.  These  authors  concluded  that  the  thyroid  had  no  special 
role  in  temperature  acclimation.  Yet  if  one  calculates  from  their  data  the 
thyroid  activity  per  unit  oxygen  consumption  it  is  evident  that,  relative  to  total 
oxygen  consumption , the  thyroid  was  more  active  at  3  C  than  at  13  C. 

To  correctly  interpret  the  functional  significance  of  changes  in  thyroid 
activity  during  temperature  acclimation,  one  should  know  the  peripheral  action 
and  specific  function  of  thyroid  hormone.  Since  this  is  not  possible,  it  is  nec¬ 
essary  to  relate  changes  in  thyroid  activity  to  some  other  physiological  process 
such  as  respiration.  Unfortunately,  not  all  tissues  respond  alike  to  temperature 
change.  Some  tissues,  such  as  brain,  compensate  for  temperature  change  while 
others,  such  as  gill,  do  not  (Evans,  Purdie,  and  Hickman,  1962).  The  oxygen 
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consumption  of  various  tissues  shows  a  differential  response  to  thyroxine  (Barker, 

1964)  while  the  concentrations  of  various  enzymes  exhibit  a  variety  of  responses 
during  temperature  acclimation  (Prosser,  1962). 

In  evaluating  the  effect  of  the  thyroid  on  temperature  acclimation  careful 
consideration  must  be  given  to  the  relative,  rather  than  the  absolute,  levels  of 
thyroid  activity.  The  results  must  be  viewed  in  relation  to  the  hormonal  require¬ 
ments  of  the  animal  in  the  new  temperature  regime  and  be  interpreted  in  relation 
to  the  natural  conditions  encountered  by  the  animal . 

Recently,  extensive  studies  have  been  made  of  thyroid  enzymes.  The 
activity  of  these  enzymes  parallel  thyroid  activity  (Freinkel,  1964).  Of  those 
enzymes  with  a  "thyroid  specific"  function,  the  thyroid  proteinase,  first  demonstrated 
by  DeRobertis  (1941),  has  received  special  attention.  Studies  on  the  acid  pro¬ 
teinase  present  in  the  follicular  colloid  of  the  thyroid  indicated  that  the  enzyme 
activity  reflected  changes  in  thyroid  function.  Later  studies  showed  that  the 
proteinase  responded  to  thyroid  stimulating  hormone  (TSH)  in  a  variety  of  animals 
(Dziemian,  1943;  Watson  and  Trikojus,  1957;  Poffenbarger,  Powell,  and  Deiss, 

1963;  Reinwein,  1964).  Subsequent  workers  showed  that  the  enzyme  is  probably 
of  lysosomal  origin  (Wollman,  Spicer,  and  Burstone,  1964;  Balasubramiam  et  al., 
1965;  Deiss  et  al . ,  1966)  and  that  it  is  probably  responsible  for  the  release  of 
thyroid  hormone  from  thyroglobul in  (McQuillan  et  al.,  1954). 

Wollman  et  al.  (1964)  demonstrated  that  thyroglobul  in,  as  a  colloid  droplet, 
is  taken  into  the  cell  by  pinocytosis.  The  droplet  then  receives  enzymes  from  lyso- 
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somes  and  a  localized  and  controlled  hydrolysis  occurs  within  the  cell.  The  proteinase 
itself  is  believed  to  be  involved  in  only  the  initial  stages  of  hydrolysis  (Alpers, 
Robbins,  and  Rail,  1955;  Alpers,  Petermann,  and  Rail,  1956);  the  resulting 
smaller  units  (polypeptides)  are  hydrolyzed  by  a  variety  of  peptidases  (Weiss, 

1953;  Laver  and  Trikojus,  1956;  Jablonsky  and  McQuillan,  1967;  Menzies  and 
McQuillan,  1967).  The  possibility  of  synergistic  action  of  the  proteinase  system 
with  other  enzymes  (hyaluronidase,  ^amylase)  is  recognised  (Stoll  et  al . ,  1959). 

Kress,  Peanasky,  and  Klitgaard  (1966)  and  Dopheide  and  Trikojus  (1966) 
have  purified  the  thyroid  proteinase  of  the  mammal  and  reported  that,  as  determined 
by  its  specificity  on  the  A  and  B  chains  of  insulin,  the  enzyme  preferentially  hydro¬ 
lyzed  bonds  involving  tyrosine,  phenylalanine,  leucine,  and  alanine.  Other 
workers,  noticing  apparent  changes  in  the  properties  of  the  proteinase  with 
purification,  have  carried  out  studies  which  led  to  the  demonstration,  in  the 
thyroid,  of  a  wide  variety  of  peptidases  and  lysosomal  acid  hydrolases  (Llundblad, 
Bernback,  and  Widemann,  1960;  Shapland,  1964;  Jablonsky  and  McQuillan,  1967). 
Recently,  Llundblad  et  al.  (1960)  have  presented  evidence  that  multiple  proteinoses 
occur  in  the  human  thyroid;  this  parallels  the  demonstration  of  two  carboxypep- 
tidases  in  pig  thyroids  (Laver  and  Trikojus,  1956). 

While  the  thyroid  proteinase  mechanism  probably  is  found  in  all  mammals 
the  nature  and  distribution  of  this  enzyme  in  the  lower  vertebrates  has  received 
little  attention.  Clements  and  Gorbman  (1955)  demonstrated  a  catheptic  proteinase 
in  the  endostyle  of  the  ammocoetes  and  concluded  that  this  was  a  thyroid  proteinase. 
Clements  (1957)  found  that  the  proteinase  from  the  thyroid  of  the  dogfish  (Scyl ior- 


hinus  canicula)  showed  different  levels  of  activity  in  males  and  females.  Th  is 
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observation  agreed  with  Leloup's  (1951)  radioisotope  evaluation  of  thyroid  activity 
in  this  species. 

The  responsiveness  of  the  thyroid  proteinase  system  to  T5H  makes  it  a  pot¬ 
entially  valuable  index  of  thyroid  activity.  In  vitro  studies  of  the  extracted 
enzyme  might  yield  valuable  information  about  possible  compensatory  responses 
of  the  thyroid  to  temperature  change.  Such  an  approach  would  have  the  following 
advantages  over  radioisotopic  methods  like  hormone  secretion  rate  or  radio  iodide 
conversion  ratio: 

a)  Prolonged  observations  on  living  fish  are  not  needed. 

b)  Starvation,  stress,  and  disease  during  the  course  of  a  study  are  avoided. 

c)  Thyroid  samples  can  be  collected  in  the  field  from  fish  living  at 
different  environmental  temperatures  and  the  enzyme  analyzed  at  a  common  temp¬ 
erature  in  the  laboratory.  This  avoids  the  many  problems  associated  with  having  to 
determine  and  evaluate  thyroid  activity  with  radioiodide,  in  fish  living  under  un¬ 
controlled  environmental  conditions. 

d)  Effects  of  temperature  on  certain  aspects  of  thyroid  enzyme  function 
can  be  studied  in  vitro  without  the  complication  of  thermal  acclimation  during  the 
study  which  would  occur  if  intact  fish  were  used. 

e)  Rate-temperature  curves  can  be  determined  by  assaying  enzyme  extracts 
at  a  series  of  temperatures,  encompassing  a  temperature  range  that  might  be  lethal 

to  the  intact  fish.  From  these  considerations  it  can  be  seen  that  the  evaluation  of 
quantitative  and  qualitative  changes  in  the  thyroid  proteinase  enzyme  should  provide 
insight  into  the  mechanism  of  temperature  acclimation  in  the  thyroid  gland. 

Acclimation  of  the  thyroid  may  involve  direct  cellular  responses  to  temp- 
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erature  and  indirect  effects,  acting  through  the  hypothalamus  and  pituitary  gland. 
There  is  significant  data  showing  that  neural  tissue  undergoes  changes  in  its  cell 
structure  and  chemistry  (Johnston  and  Roots,  1964),  enzyme  levels  (Baslow  and 
Nigrelli,  1964),  and  electrophysiological  properties  (Konishi  and  Hickman,  1964) 
with  changes  in  temperature.  Evans  et  al .  (1962)  demonstrated  that  brain  respira¬ 
tion  in  rainbow  trout  showed  rapid  and  complete  acclimation  to  temperature  change 
and  suggest  that,  in  fish,  brain  acclimation  may  be  a  primary  compensatory  response 
to  temperature.  If  the  hypothalamo  -  hypophyseal  system  acclimates  as  well,  com¬ 
pensation  at  the  pituitary  level  may  serve  to  modify  thyroid  function  when  the 
temperature  changes.  Since  the  pituitary  in  fish,  as  in  mammals,  is  under  hypo¬ 
thalamic  (hence  central  nervous)  influence  the  importance  of  the  pituitary  in 
regulating  the  activity  of  the  thyroid  cannot  be  overlooked.  Changes  in  pituitary 
TSH  production  with  increased  temperature  have  been  demonstrated  in  the  eel 
(Leloup  and  Fontaine,  1960).  Nevertheless,  acclimation  processes  within  the 
thyroid  gland  itself,  in  response  to  persistent  temperature  change,  almost  certainly 
occur . 


Direct  cellular  acclimation  within  the  thyroid  might  still  be  related  to 
pituitary  regulation.  For  example,  TSH  has  been  shown  to  affect  the  thyroid 
cell  membrane  (Scott,  Jay,  and  Freinkel,  1966)  altering  its  nature  and  the 
electrical  resistance.  Such  changes  have  been  shown  to  initiate  pinocytosis 
(Brandt  and  Freeman,  1967).  Thus,  structural  modification  of  the  membrane  during 
acclimation  (Johnston  and  Roots,  1964;  Scott  et  al.,  1966)  might  alter  the  cell's 
sensitivity  to  TSH.  Simultaneous  changes  in  the  lysosomal  membranes  could  alter 
the  relationship  between  enzyme  and  substrate  or  enzyme  and  cofactor  (Dixon 
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and  Webb,  1964).  For  example,  changes  in  the  concentration  of  diphosphopyridine 
nucleotide  (DPN)  and  triphosphopyridine  nucleotide  (TPN)  have  been  shown  to 
occur  with  TSH  stimulation  (Field  et  al.,  1966).  Hochachka  and  Hayes'  (1962) 
work  suggests  that  temperature  may  have  a  similar  effect. 

Additional  mechanisms  of  temperature  acclimation  occurring  at  the  cellular 
level  may  be  independent  of  pituitary  function.  These  could  include  quantitative 
changes  in  enzyme  concentration,  or  qualitative  changes  in  the  enzyme.  The  occur¬ 
rence  of  quantitative  changes  in  enzyme  activity  during  acclimation  to  temperature 
are  common  (Prosser,  1962).  For  example,  the  levels  of  a  cellular  cathepsin  of 
Rang  sp.  and  a  digestive  proteinase  of  Helix  pomatia  have  been  shown  to  increase 
during  cold  acclimation  (Precht,  1958). 

The  evidence  of  other  workers  has  been  reviewed  and  indicates  that  quan¬ 
titative  and  qualitative  changes  in  enzymes  are  ways  in  which  the  thyroid  could 
acclimate  to  temperature  change.  It  is  possible  that  other  mechanisms  such  as 
changes  in  TSH  production  by  the  pituitary  or  the  structural  modification  of  the 
thyroid  cell  membrane  are  involved.  A  possible  relationship,  consistent  with 
present  knowledge,  is  that  the  pituitary  mechanism  serves  to  maintain  function 
during  the  period  of  acclimation,  while  direct  cellular  acclimation  to  temperature 
occurs  as  a  more  gradual  structural  and  functional  modification  of  the  thyroid  cells. 

It  is  suggested  that  the  role  of  the  thyroid  in  temperature  acclimation  of  fish  may 
depend  in  part  upon  the  ability  of  the  thyroid  to  acclimate  to  temperature  change. 


An  attempt  was  made,  therefore,  to  identify  and  study  the  thyroid  proteinase 
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of  Lota  iota  with  the  following  objectives: 

1  .  To  describe  the  response  of  the  thyroid  proteinase  to  alterations 
in  temperature  in  vitro  and  in  vivo. 

2.  To  investigate  the  possibility  that  the  enzyme  may  be  used  as  an 
index  of  thyroid  activity. 

3.  To  attempt  an  evaluation  of  the  role  of  the  thyroid  in  temperature 
accl imation . 


. 


9. 


MATERIALS  AND  METHODS 


The  species  investigated  was  the  burbot.  Lota  lota  Linnaeus.  While  sub¬ 
specific  forms  have  been  described  frequently,  recent  work  by  Lindsey  (1956) 
and  Lawler  (1963)  has  shown  that  they  are  not  valid.  The  studies  were  carried 
out  at  the  University  of  Alberta,  Edmonton,  from  September,  1963  to  May,  1967; 
most  of  the  work  was  done  between  May,  1966  and  May,  1967. 

A.  SOURCE  OF  FISH 

The  fish  were  taken  by  trap  net  from  Lac  Ste .  Anne,  a  large  Aspen  Park¬ 
land  lake  approximately  80  km  west  of  Edmonton.  Reference  to  map  sheet  83G/9 
W,  Onaway,  National  Topographical  Series  1:50,000  Can.,  Isted.,  indicates 
longitude  of  approximately  114°  15'  W  and  a  latitude  of  approximately  53°45‘  N. 
Lac  Ste.  Anne  is  an  extremely  shallow  (maximum  depth  about  12  m),  highly  pro¬ 
ductive  lake  which  experiences  a  marked  seasonal  temperature  change.  Midsummer 
temperatures  may  reach  20  to  25  C  whereas  winter  temperatures  average  0  to  2  C. 
Data  collected  during  the  study  period  indicated  that  thermal  stratification  was 
rare  and  slight;  the  temperature  between  the  surface  and  the  bottom  differed  by 
only  2  to  3  C.  Periodic  investigations  during  the  summer  of  1966  indicated  no 
significant  stratification  in  oxygen  concentration  (Longer,  1967).  Fig.  15  shows 
seasonal  changes  in  water  temperature  at  a  depth  of  3  m . 

B.  TRANSPORT  OF  FISH 


Live  fish  were  periodically  removed  from  the  large  trap  net  in  which  they 
had  been  caught  and  immediately  taken  to  the  Lac  Ste.  Anne  fish  research  laboratory 
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in  a  live  tank  containing  lake  water  at  environmental  temperature.  At  the  lakeshore 
laboratory  the  seasonal  samples  described  below  were  taken  as  quickly  as  possible. 
During  the  sampling  period,  fish  were  held  in  180  liter  barrels  of  aereated  lake 
water.  Fish  were  secondarily  transported  to  the  University  of  Alberta  at  Edmonton 
in  180  liter  barrels  of  oxygenated  lake  water.  During  warm  weather  (summer  and 
early  fall)  dechlorinated  ice  was  added  to  the  water  during  transport  to  the  University. 
When  ice  had  been  used  it  was  necessary  to  hold  fish  at  reduced  temperatures  (5  to 
10  C)  for  several  days  after  transport. 

C.  HOLDING  CONDITIONS 

At  the  University  fish  were  placed  in  dechlorinated  water  in  large  (720 
liter)  tanks.  Refrigeration  equipment  was  available  when  needed  and  air  was 
routinely  supplied  to  all  tanks.  Some  tanks  were  equipped  with  a  recirculating 
filtered  water  system  and  were  used  whenever  possible  but  tanks  without  filters 
often  were  used.  In  the  latter  case  an  increased  flow  of  dechlorinated  tap  water 
helped  keep  the  tank  clean.  Small  numbers  of  fish  were  held  occasionally  in 
150  liter  tanks  equipped  with  refrigeration  and  air  lines. 

Fish  were  used  as  soon  as  convenient  and  were  not  fed.  During  1966 
fish  were  held  at  approximately  5C  and  15C  from  May  to  August.  Casual  observa¬ 
tion  indicated  these  fish  were  in  as  good  physical  health,  though  thinner,  than 
fish  taken  from  the  lake  at  the  end  of  the  summer.  Occasionally  problems  were 
encountered  with  fungus  and  bacterial  infection,  Saprolegnia  and  Furunculosis 
respectively  (Davis,  1956).  This  infection  no  doubt  resulted  from  damage  to  the 


skin  during  handling.  Infected  fish  were  used  rarely.  Trial  injections  of  terramycin 
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were  successful  in  combatting  the  infection. 

D.  INJECTION  PROCEDURE 

For  injection,  fish  were  anesthetized  when  necessary  with  tricaine  meth- 
anesulphonate  (MS222  -  Sandoz  Pharmaceuticals,  Montreal).  Complete  anesthesia 
required  several  minutes,  during  which  time  the  fish  showed  considerable  agitation 
and  exertion.  When  help  was  available,  injections  were  made  into  non-anesthetized 
fish;  this  was  rapid  (30  to  60  sec)  and  appeared  to  have  less  adverse  effect  on  the 
fish.  Injections  were  made  intraperitoneal ly  (IP)  or  intravascularly  (IV),  as  re¬ 
quired.  Intravascular  injections  were  made  into  the  caudal  vein  or  dorsal  aorta 
with  almost  no  post  injection  hemorrhage.  Usually  a  I  ml  tuberculin  syringe  and 
a  20  or  23  gauge  needle  were  used  to  make  injections  of  up  to  1  ml  IP  or  0.5  ml  IV. 
Material  to  be  injected  (TSH  or  Pituitary  extract)  was  dissolved  in  0.7%  NaCI 
solution  which  was  used  also  for  control  animals.  Radioisotopes  were  diluted  with 
disti I  led  water . 

E.  SAMPLING  PROCEDURES 

Fish  were  stunned  with  a  blow  on  the  head.  Blood  samples  were  taken 
immediately  from  the  caudal  circulation  and  the  blood  was  allowed  to  clot  under 
refrigeration.  Twenty  four  hours  later  serum  was  decanted  and  stored  at  -15C. 
Secondly,  200  mg  skin  samples  were  taken,  placed  in  tared  16  x  125mm  incinera¬ 
tion  tubes,  capped  and  later  weighed.  The  thyroid  region  of  the  fish  was  then  re¬ 
moved  and  the  ventral  aorta  and  conus  arteriosis  dissected  out  and  weighed  on  a 
torsion  balance  (Fisher  Scientific  Co.)  to  the  nearest  mg.  The  samples  were  then 
quick-frozen  in  a  dry  ice/acetone  mixture  and  stored  in  tightly  capped  vials  on 
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dry  ice.  Upon  returning  to  the  university  the  samples  were  placed  in  a  deep 
freeze  until  analyzed.  Finally,  data  on  weight,  sex,  and  degree  of  gonadal 
development  were  taken.  The  stage  of  gonadal  development  was  expressed  as 
gonadal  somatic  index  (GSI). 

GS|  =  gonad  weight  x  10()% 
body  weight 

A  small  consistant  error  in  body  weight  values  was  introduced  since  no  correction 
was  made  for  tissues  taken  for  enzyme  analysis  or  removed  during  the  sampling 
process  . 


In  radioisotope  experiments  the  same  procedure  was  followed,  taking  care 
to  avoid  cross  contamination  between  tissues.  Samples  of  tissues  were  placed  in 
tared  containers  or,  alternatively,  weighed  to  the  nearest  mg  and  placed  in  con¬ 
tainers  . 

F.  ANALYTICAL  TECHNIQUES 

1  .  Enzyme  Methods 

a)  Principle.  The  method  of  proteinase  assay  is  essentially  that 
of  Anson  (1937).  After  incubation  the  enzyme  substrate  mixture  is  precipitated  with 
trichloroacetic  acid  (TCA).  The  TCA  soluble  products  of  proteolytic  digestion  are 
then  isolated.  A  portion  of  the  product  solution  is  reacted  with  the  Folin  Ciocalteu 
Phenol  reagent  in  an  alkaline  medium  to  give  a  blue  color  which  is  proportional  to 
the  tyrosine  and  tryptophane  concentration  in  the  solution. 
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b)  Enzyme  preparation.  The  tissue  to  be  extracted  was  sliced  with 
a  razor  blade  while  frozen.  A  I  ml  volume  of  0.9%  NaCI  solution  was  added  to  each 
100  mg  of  tissue.  It  was  then  homogenized  with  a  Teflon  pestle  glass  homogenizer 
(A.  H.  Thomas  Co.)  suspended  in  crushed  ice.  After  standing  for  a  minimum  of  one 
hour  the  sample  was  centrifuged  at  800  x  g  for  10  min,  after  which  the  supernatant 
was  removed  and  stored  under  refrigeration.  Improvements  in  this  method  were  made 
and  most  of  the  enzyme  extracts  were  prepared  by  the  modified  method  involving  the 
use  of  a  mixture  of  1  part  of  a  1%  solution  of  Triton  X"100  (Rohm  and  Haas)  and  9 
parts  of  a  0.9%  NaCI  solution  as  the  extracting  medium.  Some  extracts  prepared 
very  early  in  the  study  were  centrifuged  at  3000  to  7000  x  g,  forces  which  could 
have  removed  free  lysosomes  from  the  supernatant,  reducing  the  enzyme  concentra¬ 
tion.  However,  since  the  tissue  had  been  frozen  and  then  homogenized  in  saline 
(both  of  which  are  likely  to  promote  the  rupture  of  lysosomes)  it  is  probable  that 

the  lysosomes  had  ruptured,  releasing  their  enzyme  into  solution.  Thus,  these 
centrifugation  forces,  likely,  would  not  be  detrimental  since  they  would  have 
no  effect  on  the  enzymes  once  they  were  in  solution.  Results  of  preliminary 
studies  on  methods  of  extraction  are  given  in  appendix  1  . 

To  identify  enzymes  collected  at  different  seasons  and  to  provide  a  check 
against  possible  storage  effects,  enzymes  were  labelled  with  a  two  part  number. 

For  example,  the  enzyme  called  (18/5/66  -  22/4/67)  was  collected  18  May,  1966 
and  analyzed  22  April,  1967. 

c)  Substrate  preparation.  A  10%  hemoglobin  solution  was  prepared 
as  follows:  triply  washed  bovine  red  cells  obtained  from  the  Edmonton  plants  of  Canada 
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Packers  Ltd.  and  Gainers  Ltd.  were  hemolyzed  and  dialyzed  against  distilled  water 
overnight.  Hemoglobin  content  was  estimated  by  one  of  the  methods  described 
below  and  diluted  to  10%.  Dilution  of  the  stock  solution  to  1%  with  acetate 
buffer  inevitably  produced  denaturation  and  precipitation  of  most  of  the  hemo¬ 
globin.  However,  since  the  resulting  suspension  gave  consistent  results  it  was  used 
as  substrate.  Near  the  end  of  the  study,  it  was  learned  that  a  two  stage  dilution 
permitted  the  preparation  of  a  true  hemoglobin  solution.  Initial  buffering  of 
the  stock  solution  to  pH  4.0,  followed  by  centrifugation  at  3000  x  g  for  10  min 
produced  a  clear  solution  with  a  minimal  hemoglobin  precipitate.  Subsequent 
dilution  and  adjustment  to  more  acid  pH  values  was  then  possible.  Analysis  of 
enzymes  on  this  substrate  was  found  to  give  somewhat  higher  activities. 

Care  was  taken  to  ensure  that  the  method  of  substrate  preparation  did  not 
interfere  with  comparisons  between  different  samples.  All  TSH  studies  utilized 
substrate  prepared  by  the  first  method  while  seasonal  studies  were  analyzed  using 
the  newer  type  of  substrate.  The  new  method  of  substrate  preparation  presented 
another  problem;  solutions  greater  than  1%  at  pH  4.0  gelled  after  a  few  hours. 

More  concentrated  solutions  gelled  more  rapidly  and  under  more  acidic  con¬ 
ditions,  thus  limiting  the  concentrations  that  could  be  used  effectively.  Details 
of  the  effects  of  different  substrates  on  enzyme  activity  are  presented  in  appendix  2. 

Thyroglobul in ,  used  as  substrate  in  some  experiments,  was  prepared  by  sub¬ 
jecting  a  crude  saline  extract  of  beef  thyroids  to  (NH^  SO4  fractionation 
(McQuillan,  1954) ..  The  fraction  precipitating  between  37%  and  41%  (NH4) 

0 

SO4  was  dialyzed  free  of  (NH4)  SO4  and  frozen  or  freeze-dried  for  storage . 
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A  1%  solution  in  acetate:HCl  buffer  was  prepared  for  use  as  substrate.  In  order 
to  reduce  the  activity  of  the  residual  proteinase  the  preparation  was  heated  at  55  C 
for  60  min.  This  substrate,  also,  was  largely  in  the  form  of  a  suspension. 

d)  Substrate  assay.  Initially,  hemoglobin  solutions  were  analyzed 
by  the  cyanmethemoglobin  method  (Bausch  and  Lomb  "Spectronic  20"  Colorimeter 
Clinical  Methods  and  Calibrations  Manual).  Twenty  pliter  of  hemoglobin  were 
mixed  with  5  ml  of  Drabkin's  solution.  After  10  min  the  %  transmittance  of  the 
sample  was  read  in  the  colorimeter  at  540  nm ,  using  Drabkin's  reagent  alone 
as  a  blank.  The  hemoglobin  concentration  was  read  from  the  calibration  chart 
provided  with  the  colorimeter.  Because  this  method  lacked  sensitivity,  a  phenol 
reagent  method  was  adopted  (Anson,  1938).  One  hundred  y  I  iter  of  hemoglobin, 

1  ml  of  0.3  N  HC1 ,  2  ml  of  0.55  N  NaOH,  and  10  ml  distilled  water  were  mixed 
together  and  reacted  with  0.6  ml  of  standard  phenol  reagent.  (Folin  Ciocalteu 
Phenol  Reagent,  British  Drug  Houses,  diluted  according  to  the  manufacturers 
instructions)  Standard  solutions  consisting  of  1  ml  portions  of  solutions  containing 
0,  250,  500,  750,  and  1000  ug  equivalents/liter  of  tyrosine  in  0.3  N  HC1  were 
mixed  with  2  ml  of  0.55  N  NaOH  and  10  ml  water  and  reacted  with  0.6  ml  of 
phenol  reagent.  Twelve  minutes  after  adding  the  phenol  reagent  the  samples 
were  read  against  appropriate  blanks  at  750  nm  in  the  spectrophotometer. 

Values  were  converted  from  tyrosine  equivalents  to  1%  hemoglobin  using  Anson's 
1938  relationship  that  0.1  mg  of  tyrosine  produced  a  color  equivalent  to  1  mg 
of  hemoglobin . 


The  two  methods  used  for  hemoglobin  assay  did  not  give  comparable 
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results,  nor  did  they  agree  with  the  gravimetric  method  of  Anson  (1938). 

Appendix  2  shows  the  relationships.  Where  critical  substrate  concentrations 
were  important  the  phenol  reagent  method  was  used. 

Thyroglobul in  was  assayed  by  the  biuret  method  (Layne  1957)  using  a 
standard  plasma  preparation  (Labtrol  Dade  Reagents  Inc.)  as  a  reference  standard. 

e)  Temperature.  Analyses  were  carried  out  at  0,  5 ,  10,  13, 

15,  20,  25,  and  30  C.  Routine  analyses  were  done  at  30C  during  the  early  part 
of  the  work  and  at  25  C  in  1967.  Temperature  control  was  usually  excellent,  with 
a  maximum  variation  of  0.2  C.  Temperature  controlled  water  baths  were  used  for 
most  studies.  Temperatures  below  ambient  were  maintained  through  the  use  of  a 
Lauda  Ultra  Kryomat  TK  30  or  a  refrigerated  Warburg  water  bath  (Gilson  Medical 
Electronics).  Substrates  were  preincubated  at  the  assay  temperature  for  30  min. 

The  duration  of  incubation  of  enzyme  and  substrate  was  adjusted  so  that  maximum 
product  values  could  be  achieved  while  still  remaining  within  the  period  of  time 
during  which  the  hydrolysis  was  linear. 

f)  Buffers.  An  acetate :HC1  buffer  was  used  for  most  of  the 
assays.  Other  buffers  used  were  sodium  acetate :acetic  acid,  Na2HP04:KH2P04 
(Sorenson),  and  Tris:HCl  (Gomori).  All  formulae  for  buffers  were  taken  from  Hale 
(1958).  A  Beckman  Zeromatic  pH  meter  was  used  to  check  buffers  and  substrates. 

g)  Procedure  for  enzyme  assay.  The  basic  analytical  procedure 
used  two  tubes;  the  first  served  as  the  control  or  reagent  blank  while  the  second 
contained  the  sample  to  be  analyzed.  Each  contained  1  ml  of  buffered  hemoglobin. 
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To  initiate  the  analysis  lOO^uliter  of  enzyme  were  added  to  each  tube.  When 
thyroglobul in  was  used  as  substrate  the  amount  of  enzyme  added  per  ml  of  substrate 
was  increased  to  250 1  iter  .  The  contents  of  the  control  tube  were  precipitated 
immediately  with  2  ml  of  0.35  N  TCA;  this  served  as  a  color  blank.  At  the  end 
of  the  incubation  period  2  ml  of  0.35  N  TCA  were  added  to  the  sample  tube  to 
precipitate  the  mixture  and  terminate  the  reaction.  Corrections  were  made  for 
endogenous  enzyme  in  the  substrate  preparation  by  estimating  its  activity  with  a 
second  set  of  tubes  which  contained  no  enzyme.  A  later  modification  improved 
the  system . 

In  this  modification,  enzyme  was  added  to  only  the  assay  tube  at  time 
zero  while  the  substrate  in  the  control  tube  was  allowed  to  react  with  any 
endogenous  enzyme  for  the  duration  of  the  incubation  period.  At  the  end 
of  the  incubation  period  both  tubes  were  precipitated  within  30  second  and 
then  enzyme  was  added  to  the  control  tube.  The  control  tube  then  served  to 
correct  for  endogenous  substrate  activity  and  residual  color  material  in  either 
the  substrate  or  the  enzyme  preparation.  After  addition  of  TCA  the  samples 
were  mixed  and  allowed  to  stand  for  at  least  one  hour  to  ensure  precipitation. 

The  contents  of  each  tube  were  then  filtered  through  a  fibreglass  filter  disc 
(Reeve  Angel  glass)  using  a  vacuum  filter  device  (Fisher  Scientific  Co. 

Filtrator).  Alternatively,  centrifugation  at  approximately  3400  x  g  was  used. 

In  almost  all  cases  each  analysis  was  carried  out  in  duplicate  and  the  mean 
values  of  the  estimations  reported. 
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h)  Colorimetry.  One  ml  of  the  clear  supernatant  containing 
the  digestion  products  was  pipetted  into  a  test  tube.  Two  ml  of  0.55  N  NaOH 
were  added  and  the  contents  mixed.  A  0.6  ml  volume  of  Folin  Ciocalteu  Phenol 
Reagent  (British  Drug  Houses),  diluted  according  to  the  manufacturer's  instructions, 
was  added  to  control  and  sample  tubes  in  close  succession  and  the  tubes  remixed. 
Twelve  minutes  later  the  experimental  tube  was  read  in  a  Hitachi  Perkin-Elmer 
Spectrophotometer  (model  139  UV/VlS)  at  750  nm,  after  setting  the  slit  mech¬ 
anism  to  100%  transmittance  with  the  control  tubes  (blanks). 

A  standard  curve  was  used  to  convert  %  transmittance  to  tyrosine  equi¬ 
valent  units.  One  ml  volumes  of  standard  solutions  with  tyrosine  concentrations 
ranging  from  0.01  meq/liter  to  0.25  meq/liter  in  0.3  N  HC1  were  substituted 
for  samples.  Activities  were  then  expressed  as  tyrosine  units/unit  time.  One 
tyrosine  unit  (TU)  is  defined  as  the  amount  of  enzyme  which  produced  a  color 
equivalent  to  that  produced  by  1  ml  of  a  solution  containing  0.01  meq/liter 
tyrosine,  using  the  Folin  Ciocalteu  Phenol  Reagent  as  described  above. 

The  sensitivity  of  the  color  development  to  pH  and  the  instability  of  color 
with  time  necessitated  careful  standardization  of  technique.  Solutions  of  HC1, 
TCA,  and  NaOH  were  checked  by  titration  against  known  solutions  of  NaOH 
and  HC1  and  adjusted  to  the  required  concentration. 

i)  Isolation  of  lysosomes.  Fresh  thyroid  tissue  was  removed 
from  fish  and  stored  on  ice  until  homogenized  in  1  ml  of  0.25  M  sucrose/100  mg 
tissue.  After  the  residue  was  removed  by  centrifugation  at  800  x  g  for  10  min. 
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the  lysosorne  fraction  was  collected  by  centrifugation  at  15,000  x  g  for  20  min 
(Deiss  et  al.,  1966).  The  supernatant  containing  the  soluble  proteinase  was 
removed  and  a  volume  of  0.1%  Triton  X-100  in  0.8%  NaCI,  equal  to  the 
initial  extraction  volume,  was  added  to  the  lysosorne  fraction.  The  residue 
was  re-extracted  with  0.1%  Triton  X-100  in  0.8%  NaCI .  The  enzyme  content 
of  each  fraction  was  assayed  by  the  techniques  described  above  with  the  following 
modification;  once  TCA  was  added  to  the  incubation  mixture,  the  tubes  were 
kept  in  an  ice  bath  to  reduce  the  background  color  produced  when  TCA  hydro¬ 
lyzed  the  sucrose  (Wattiaux  and  DeDuve,  1956). 

2.  Radioisotope  Experiments 

Na^^l  or  Na^^L  diluted  in  distilled  water  was  administered  IV 
or  IP  as  required.  Doses  of  20  to  30  jjc/fish  in  a  volume  of  0.5  ml  were  used. 
Standards,  consisting  of  a  known  fraction  of  a  dose  diluted  to  50  ml  were  pre¬ 
pared  in  duplicate.  A  measured  volume  of  this  was  counted  with  the  samples. 

The  counts  were  corrected  for  background  radiation,  sample  dilution,  and  isotope 
decay.  Counting  was  carried  out  with  a  variety  of  Well  Scintillation  detectors, 
all  of  which  had  a  2  inch  Nal  (Tl  )  crystal  with  a  33  mm  x  17  mm  well .  In  the 
case  of  the  temperature  acclimation  experiment  the  unexpected  loss  of  the 
automatic  sample  changer  necessitated  manual  counting.  Time  limitations 
prevented  the  counting  of  samples  for  as  long  as  desirable  but  there  was  no 
obvious  increase  in  variability  of  results  when  samples  were  counted  either  for 


a  minimum  of  5000  counts  or  for  10  minutes. 
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Tissues  of  known  weight  were  dissolved  in  10%  NaOH.  Measured  portions 

were  counted  and  counts  were  corrected  for  weight  of  sample  and  fraction  counted. 

Alternatively,  smaller  pieces  of  tissue  were  hydrolyzed  directly  in  counting  tubes 

and  counted,  taking  care  to  keep  volumes  constant.  Radioactivity,  corrected 

for  background,  was  expressed  as  counts/min/g  fresh  tissue.  The  ratio  of  tissue 

activity  to  serum  activity  was  calculated  as: 

tissue  count/min/g  T 

serum/count/min/g  ~~  S 

3.  Stable  Iodide  (^^1)  Analysis 

These  were  carried  out  by  the  method  of  Acland  (1957),  modified 
for  use  in  this  laboratory  by  Dr.  C.P.  Hickman,  Jr.  In  principle,  iodide  cat¬ 
alyzes  the  reduction  of  Ce"^  to  colorless  Ce+^  by  arsenious  acid  (Acland,  1957). 
The  addition  of  brucine  sulphate  after  a  measured  time  terminates  the  reaction 
and  stablizes  the  residual  color  (Grossman  and  Grossman,  1955).  The  following 
procedure  was  used:  One  ml  of  4  N  Na2C03  was  combined  with  1  ml  of  serum 
in  an  ignition  tube.  This  was  mixed  carefully,  dried  at  a  temperature  of  80  to 
90  C  and  incinerated  at  a  temperature  of  550  -  570  C  for  4  hr  with  the  occasional 
admission  of  air  to  the  furnace  to  ensure  complete  combustion.  The  furnace  was 
then  allowed  to  cool  and  the  samples  removed.  One  ml  of  2  N  HC1  and  6  ml 
distilled  water  were  added  to  the  residue.  The  contents  of  the  tubes  were  mixed 
at  regular  intervals  for  30  min,  then  centrifuged  at  2500  rpm  to  pack  the  residue. 
Duplicate  3  ml  volumes  of  the  clear  supernatant  were  pipetted  into  14  x  103  mm 
test  tubes  for  iodide  determination.  To  each  tube  was  added  2.25  ml  of  arsenious 
acid  solution.  Standards  were  prepared  by  pipetting  1  ml  Kl  solution  into  each 


. 
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of  a  series  of  test  tubes.  Concentrations  of  I  (As  Kl)  ranged  from  0.01  to  0.20 
jug  I/ml .  The  composition  and  pH  of  these  were  adjusted  to  be  equivalent  to 
serum  samples  by  adding  3  ml  of  a  calibration  solution.  The  preparation  of 
reagents  is  described  in  appendix  3. 

Arsenious  acid  (1.25  ml)  was  added  to  each  standard.  All  tubes  and 
reagents  were  placed  in  a  water  bath  at  37  C  for  30  minutes  to  allow  for  temp¬ 
erature  equilibration.  Then,  at  exactly  30  second  intervals,  0.25  ml  of  a  Ce+^ 
solution  was  added  to  each  tube  and  the  contents  mixed  with  an  air  capillary. 
After  12.5  minutes  1  ml  0.5%  w/v  brucine  in  5%  H2SO4  was  added  to  stop 
the  reaction  and  the  contents  were  again  mixed  with  an  air  capillary.  At  the 
conclusion  of  the  series  the  tubes  were  heated  in  a  boiling  water  bath  for  30  min 
to  develop  the  full  color  of  the  brucine  -  Ce^  complex. 

Samples  were  read  against  a  distilled  water  blank  at  540  nm  in  a  spec¬ 
trophotometer.  The  standard  curve  was  drawn  and  %  transmittance  readings  of 
the  unknowns  were  converted  to yjg  iodide.  Calculations  for  dilution  and  sample 
size  were  made  and  results  expressed  as jjg  of  iodide/100  ml  of  serum. 

Weighed  skin  samples  of  about  0.2  g  were  hydrolyzed  in  1  ml  ethanol 
and  1  ml  of  4  N  KOH  (McNabb,  1963).  Since  KOH  serves  to  prevent  loss 
of  iodide  during  incineration  (Foss,  Hankes,  and  Van  Slyke,  1960)  no  Na2COg 
was  added.  After  drying,  these  samples  were  treated  in  the  same  way  as  serum. 
During  the  course  of  this  work  it  was  discovered  that  KOH  depressed  the  colori¬ 
metric  reaction.  To  correct  for  this  effect,  a  curve  was  constructed  which  related 
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the  true  ~  I  concentration  for  a  given  %  transmittance  to  the  apparent  value. 
By  finding  the  point  on  the  y  axis  equivalent  to  the  incorrect  value  it  was  possi 
to  read  the  corrected  value  from  the  x  axis.  Skin  values  were  expressed  as  ug 
iodide/g  of  fresh  tissue. 

In  all  analyses  reagent  blanks,  distilled  water  controls,  and  standard 
serum  controls  (lodotrol  -  Dade  Reagents  Inc.)  were  run  in  duplicate.  The  use 
of  distilled,  demineralized  water  for  the  preparation  of  reagents  and  rinsing  of 
glassware  was  found  to  be  essential.  Calibrated  syringes  permitted  accurate 
and  rapid  addition  of  reagents.  Appendix  3  gives  the  brands  of  reagents  found 
suitable  for  iodide  analysis. 


Statistical  tests  used  are  described  in  Snedecor  1956  and  Siegal  1956. 
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RESULTS 

CHARACTERISTICS  OF  THYROID  PROTEINASE 

The  relative  activity  of  a  proteinase  preparation  (11/1/66-12/1/66) 

on  hemoglobin  and  thyroglobul in  substrates  was  studies  by  incubating  enzyme 

and  substrate  for  periods  of  1,  2 ,  and  3  hr  at  30  C.  Fig.  1A  shows  that  the 

hydrolysis  of  hemoglobin  (curve  A)  proceeds  in  a  linear  fashion  for  2  to  3  hr. 

In  contrast ,  thyroglobul  in  hydrolysis  (curve  B)  ceases  to  be  linear  after  1  hr. 

The  greater  susceptibility  of  hemoglobin  to  proteinase  digestion  is  indicated 

by  the  ratio  of  the  initial  digestion  rates. 

hemoglobin  digestion/hr  _  55  TU/hr  _ 

tfiyroglobul in  digestion  7hT  25  TU/hr  2-2 

The  thyroid  proteinase  appears  to  be  relatively  ineffective  in  its  action  on 

beef  thyroglobul  in  substrate. 

Fig.  IB  represents  the  results  obtained  during  attempts  to  show  that 
the  proteinase  activity  was  directly  related  to  enzyme  concentration.  Two  studies 
(curves  A  and  B)  were  carried  out  on  hemoglobin  substrate  using  different  enzyme 
preparations,  whereas  a  single  study  (curve  C)  used  thyroglobul  in  substrate. 

Curve  A  indicates  the  expected  results;  an  essentially  linear  response  occurs 
over  a  range  of  enzyme  concentration  from  10  y  I  iters/m  I  to  200  jul  iters/m  I 
of  proteinase  (18/5/66  -  29/3/67).  Curve  B  (18/5/66  -  18/7/66)  shows  a 
gradual  decline  in  activity/unit  volume  enzyme  added  as  the  enzyme  con¬ 
centration  is  increased  from  50  juliters/ml  to  500  ^jliters/ml .  The  basic  difference 
in  the  two  curves  appears  to  be  related  to  the  larger  volumes  of  enzyme  added  to 


Fig.  1A. 


The  relative  susceptibility  of  hemoglobin  substrate  (curve  A) 
and  thyroglobul  in  substrate  (curve  B)  to  hydrolysis  by  burbot 
thyroid  proteinase  at  pH  2.5  and  30  C. 


Fig.  IB. 

The  effect  of  enzyme  concentration  on  enzyme  activity, 
(hemoglobin  substrate  -  curves  A  and  B) 

(thyroglobul in  substrate  -  curve  C) 

Curves  A  and  B  based  on  different  enzyme  preparations. 
Volume  of  enzyme  added  to  obtain  different  final  enzyme 
concentrations  is  plotted  on  the  X  axis.  Incubated  at 
pH  2 .5  and  30  C. 
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the  substrate  in  the  curve  B  experiment.  Curve  C  (thyroglobulin  substrate)  suggests 
that  increases  in  digestion  rate  in  response  to  increased  enzyme  concentration  is 
limited.  This  radical  departure  from  the  expected  response  will  be  discussed 
below . 

The  effect  of  pH  on  enzyme  activity  (Fig.  2A)  was  investigated  by 
incubating  portions  of  the  same  proteinase  preparation  (18/5/66  -  12/6/66) 
with  hemoglobin  substrate  buffered  to  different  pH  values  for  incubation  periods 
of  45  min  (curve  A),  90  min  (curve  B),  and  135  min  (curve  C).  All  samples 
were  incubated  at  30  C .  Curve  A  (45  min  incubation)  suggests  that  there  are 
three  peak  regions  for  digestion  at  pH  2.5,  pH  3.25,  and  pH  4.0.  The  pH  4.0 
peak  is  visible  also  after  90  and  135  min  incubation  (curves  B  and  C).  In  con¬ 
trast,  the  pH  3.25  peak  is  not  distinguishable  after  135  min  incubation  (curve  C) 
and  is  only  suggested  after  90  min  incubation  (curve  B) .  Since  these  curves  were 
based  on  individual  values  the  experiment  was  repeated  to  verify  the  results 
of  curve  A.  Fig.  2B,  curve  B,  shows  essential  agreement  when  enzyme  from 
burbot  collected  in  summer  (18/5/66  -  10/11/66)  was  used.  Curve  A,  representing 
enzyme  from  burbot  collected  in  winter  (8/10/66)  -  2/11/66),  shows  a  pattern 
essentially  like  the  135  min  curve  (A)  in  Fig.  2A.  Both  studies  reported  in  Fig. 

2B  were  incubated  at  30  C  for  one  hour.  It  appears  that  the  pH  3.25  optimum 
is  masked  by  the  pH  2.5  activity  during  extended  incubation  periods.  The  pH 
curve  of  enzyme  from  winter  burbot  appears  to  be  essentially  like  the  curves  obtained 
when  enzyme  from  summer  burbot  was  incubated  for  more  than  2  hr . 

Studies  were  carried  out  to  determine  the  optimum  pH  for  the  hydrolysis  of 


Fig .  2A . 


Activity  of  thyroid  proteinase  extracted  from  summer  fish 
on  hemoglobin  substrate  at  different  pH  values.  The  study 
indicates  the  effect  of  incubation  period  on  pH  curve. 
Curve  A  represents  an  incubation  period  of  45  min,  curve 
B  90  min,  and  curve  C  135  min.  Temperature  30  C. 


Fig.  2B. 

Activity  of  thyroid  proteinase  at  different  pH  values  for 
enzyme  from  burbot  caught  in  the  winter  (curve  A) and 
from  burbot  caught  in  the  summer  (curve  B)  on  hemoglobin 
substrate.  The  incubation  period  in  both  studies  was  one 


hour  at  30  C . 


enzyme 
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thyroglobulin  by  fish  proteinase.  Fig.  3A  shows  the  results  obtained  when  fish 
enzyme  (18/5/66  -  20/6/66)  was  allowed  to  act  upon  beef  thyroglobulin  for 
6  hr  at  30  C o  Peaks  of  activity  are  seen  at  pH  3.0  and  pH  4.5.  Thus,  there 
appear  to  be  different  optima  for  the  enzyme  with  the  hemoglobin  (Fig.  2A) 
and  thyroglobulin  (Fig.  3A)  substrate  . 

To  determine  if  the  results  were  being  affected  by  the  use  of  beef 

hemoglobin  and  thyroglobulin  as  substrates  the  following  experiment  was  done. 

Burbot  thyroids,  which  had  been  previously  labelled  with  radioiodide  by  in- 
125 

jecting  Na  I  J.P,  were  killed  after  3  days  and  radioactive  thyroglobulin 
and  proteinase  (13/1/67  -  13/1/67)  were  simultaneously  extracted  with  0.1% 

Triton  X-100  in  0.8%  NaCI .  Equal  volumes  of  the  extracts  were  buffered  to 
different  pH  values  and  incubated  at  20  C  for  4  hr.  The  amount  of  TCA  soluble 
radioiodide  released  by  the  digestion  of  the  thyroglobulin  by  the  proteinase  was 
determined  in  a  scintillation  counter,  after  removing  the  undigested  thyroglobulin. 

The  amount  of  product  (count/min  TCA  soluble  ^^1)  was  plotted  against  the  pH  of 
the  incubation  mixture.  The  results  (Fig.  3B,  curve  A)  show  three  peaks  of 
hydrolysis  at  pH  3.0,  pH  3.5,  and  pH  5.0.  When  the  experiement  was  repeated 
with  the  same  extract  incubated  for  12  hr  instead  of  4  hr,  curve  B  was  obtained. 

This  shows  optimal  regions  of  activity  at  pH  3.0  and  above  pH  5.0.  There  are 
two  possible  explanations  for  the  differences  seen  between  the  4  hr  (A)  and  12  hr  (B) 
curves  of  Fig.  3B .  The  pH  3.5  peak  (curve  A)  could  have  been  caused  by  the  varia¬ 
bility  which  resulted  from  the  low  level  of  radioactivity  counted,  or  the  lack  of  obser¬ 
vations  in  the  region  pH  3.0  to  pH  3.5  of  curve  B  may  have  permitted  the  pH  3.5  peak  to 


Fig.  3A. 


Activity  of  burbot  thyroid  proteinase  at  different  pH 

vaiues  using  beef  thyroglobulin  as  substrate.  Incubations 
at  30  C  for  6  hours. 


Fig.  3B. 

Rate  of  autolysis  of  125l  labelled  burbot  thyroglobulin 
by  burbot  proteinase  at  different  pH  values.  Activity 
measured  by  the  amount  of  TCA  soluble  radioiodide 
liberated  during  incubation  period.  Lower  curve  (A)  rep¬ 
resents  4  hr  incubation;  upper  curve  (B)  12  hr.  Both  studies 
done  at  20  C . 
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pass  unnoticed.  These  data  indicate  that  fish  proteinase  may  show  differences  in 
optimal  pH  values  when  thyroglobul in  from  fish  and  from  beef  are  used  as  sub¬ 
strates. 


One  of  the  basic  concepts  of  enzymology  is  that  low  concentrations  of 
substrate  may  limit  the  activity  of  an  enzyme.  Fig.  4A  shows  that  the  activity 
of  a  thyroid  proteinase  preparation  (18/5/66  -  3/4/67)  increases  rapidly  as  the 
substrate  concentration  increases  until  the  latter  reaches  a  level  of  0.6  to  0.8% 
hemoglobin.  Only  slight  increases  in  activity  occur  with  increases  in  substrate 
concentration  above  this  level.  In  order  to  achieve  near  maximum  reaction  rates 
substrate  concentrations  of  about  1%  hemoglobin  are  required.  If  the  results 
of  experiments  are  to  be  compared,  constant  concentrations  of  substrate  must 
be  used.  Precautions  were  taken  to  ensure  that  differences  in  substrate  con¬ 
centration  did  not  affect  the  results  of  the  studies. 

Fig.  4B  shows  relative  levels  of  proteinase  activity  measured  at  pH  2.5 
in  several  tissues  of  a  single  fish.  The  enzyme  activity  extracted  from  thyroid 
tissues  is  greater  than  that  from  blood  or  skin  but  significantly  less  than  that 
found  in  liver,  kidney,  or  spleen. 

Mammalian  cathepsins  have  differences  in  thermal  stability  which  are 
characteristic  of  specific  enzymes.  In  an  attempt  to  identify  the  fish  proteinase, 
its  thermal  stability  was  studied  by  exposing  thyroid  enzyme  extracts  to  selected 
temperatures  for  short  periods  of  time.  Table  1  presents  the  data  obtained. 

Brief  incubation  (5  min)  at  50  C  completely  inactivated  the  enzyme.  Exposure 


Fig.  4  A . 


Effect  of  hemoglobin  substrate  on  thyroid  proteinase 
activity.  Incubated  at  pH  2.5  and  30  C. 


Fig.  4B. 


Activity  of  proteinase  in  different  organs  determined 
with  hemoglobin  substrate  at  pH  2.5  and  30  C. 
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Table  1  .  Stability  of  thyroid  proteinase  of  the  burbot  at  combinations 
of  temperature  and  time; analyses  were  carried  out  at  20  C. 


Enzyme 

Temp 

Duration 

Residual 

Activity 

Source 

°C 

min 

pH 

2.5 

pH  3 

.25 

pH  4.5 

TU 

%C 

TU 

%C 

TU 

%C 

n 

(18/5/66) 

20 

5 

37.5 

100 

— 

- 

— 

— 

2 

(19/1 0/66) 

50 

5 

0 

0 

— 

— 

— 

— 

2 

(18/5/66) 

20 

10 

48.3 

100 

40.2 

100 

14.5 

100 

1 

(26/1 1/66) 

37 

10 

40.2 

83 

33.5 

83 

11.0 

79 

1 

(18/5/66) 

20 

10 

32.2 

100 

- 

- 

- 

- 

3 

(17/1 1/66) 

37 

10 

26.2 

81 

— 

— 

— 

— 

3 

( 1/3/67) 

20 

60 

37.5 

100 

26.3 

100 

24.0 

100 

2 

(1/3/67) 

30 

60 

27.5 

73 

17.8 

68 

16.5 

69 

2 

C  Control  Value 
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to  37  C  for  10  min  produced  an  average  18%  inactivation.  Heating  at  30  C  for 
60  min  produced  an  inactivation  of  about  25%.  Fish  proteinase  is  much  more 
temperature  sensitive  than  mammalian  enzymes. 

Further  attempts  were  made  to  identify  the  enzyme  by  determining  if  its 
activity  was  affected  by  dialysis  and  by  examining  the  response  of  the  proteinase 
to  a  variety  of  cofactor  materials.  Table  2  shows  that  dialysis  against  running  tap 
water  increased  the  activity  of  the  proteinase  (18/5/66  -  20/10/66);  dialysis 
against  a  0.9%  NaCI  solution  or  distilled  water  either  had  no  effect  or  was 
slightly  inhibitory.  This  study  suggests  that  the  addition  of  a  low  molecular 
weight  factor  may  have  occurred.  After  dialysis  against  ethylenediamine  tetra 
acetate  (EDTA)  little  activity  remained ,  indicating  that  a  metal  ion  may  be 
essential  for  proteinase  function. 

The  results  obtained  when  these  factors  were  examined  in  more  detail, 
using  proteinase  preparation  (9/4/67  -  9/4/67),  are  presented  in  Table  3. 

Portions  of  the  extract  were  analyzed  under  standard  conditions  (control  A) 
and  with  substrate  solutions  which  contained  various  additives  at  a  final  con¬ 
centration  of  0.01  M.  A  portion  of  the  untreated  control  extract  was  stored  in 
the  refrigerator  to  be  analyzed  at  the  same  time  as  the  dialysis  sample.  This 
was  called  control  B.  Upon  being  assayed  under  the  same  conditions  as  had 
been  used  for  control  A,  a  loss  of  activity  was  observed.  This  was  apparent 
only  when  the  assay  was  done  at  pH  2.5. 


dv!  >t  dnimo  i>an»l\f  9  to  iioi  o  2i<  j(t&Sb  A  .  bstiJOJO  evoH  vdhi  •»<  trif  i  jw 


O  •  :j  -I  \  GZlil  1*9 tc  i  it  ■  n  >-j 


33. 


Table  2.  Activity  of  the  thyroid  proteinase  at  pH  2  .5, 

hemoglobin  substrate „  after  various  dialysis 
treatments . 


Enzyme 

Treatment 

Control 

TU/hr 

Experimental 

TU/hr 

( 1 8/5/66)  - 
(20/10/66) 

Tap  water 
dialysis 

52.5 

72.0 

(18/5/66) - 
(17/1 1/66) 

Dialysis  vs. 
0.7%  NaCI 

31.5 

31.0 

Dialysis  vs. 
dist  o  water 

31.5 

28.0 

Dialysis  vs. 

0.01M  EDTA 

31 .5 

2.0 

H 
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Table  3.  Activity  of  thyroid  proteinase  at  different  pH  values,  showing 

the  effect  of  various  treatments. 


3A  Effects  of  storage  and  dialysis 


Treatment 

pH  2.5 
TU 

% 

pH  3.25 

TU  % 

pH  4.0 
TU 

% 

Control  A 

96.8 

100.0 

67.5 

100.0 

56.3 

100.0 

Control  B 

90.5 

93.5 

69.5 

103.0 

56.3 

100.0 

Control  B 

90.5 

100.0 

69.5 

100.0 

49.5 

100.0 

Dialyzed 
dist.  water 

88.0 

97.2 

65.2 

93.8 

53.8 

87.9 

3B  Effects  of  metals  and  EDTA 

Treatment 

pH  2.5 
TU 

% 

pH  3.25 

TU  % 

pH  4.0 
TU 

% 

Control  A 

96.8 

100.0 

67.5 

100.0 

56.3 

100.0 

EDTA 

89.5 

92.5 

66.3 

98.2 

53.8 

95.6 

Ferrous  Am- 

monium 

Sulphate 

67.0 

69.2 

48.0 

71.0 

40.3 

71.6 

MMI 

11.0 

11.4 

8.5 

12.6 

11.3 

20.1 

3C  Effects  of  sulfhydryl  reagents 

Treatment 

pH  2.5 
TU 

% 

pH  3.25 

TU  % 

pH  4.0 
TU 

% 

Control  A 

96.8 

100.0 

67.5 

100.0 

56.3 

100.0 

lodoacetate 

48.5 

50.1 

44.3 

65.6 

33.3 

59.1 

Glutathione 

20.8 

21.5 

21.8 

32.3 

24.5 

43.5 

Cysteine 

249.0 

257.2 

192.0 

284.4 

157.5 

279.8 

■ 
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Distilled  water  dialysis  (Table  3 A)  reduced  the  activity  to  a  small  extent 
as  compared  to  control  EL  Table  3B  shows  that  when  (EDTA)  was  added  to  the 
incubation  media  a  slight  loss  of  activity  occurred.  The  addition  of  ferrous  ions 
(Table  3B),  supposedly  a  specific  activator  for  a  hemoglobin  splitting  proteinase 
(Snoke  and  Neurath,  1950),  was  found  to  inhibit  the  enzyme.  Since  chromatographic 
analyses  of  autolyzed  thyroglobu  I  in  was  planned,  which  would  require  the  use  of 
l-methyl-2-mercapto  imidazole  (MM!)  to  prevent  deiodination ,  the  effect  of 
this  substance  on  the  proteinase  was  tested,  and  found  to  be  inhibitory  (Table  3B). 

The  effects  of  the  sulfhydryl  reagents  tested  are  presented  in  Table  3C .  Cysteine 
produced  a  significant  and  uniform  stimulation  while  iodacetate  and  glutathione 
were  strongly  inhibitory.  Glutathione  inactivation  was  greatest  at  pH  2.5  and 
least  at  pH  3.5. 

In  summary,  the  data  presented  in  this  section  have  shown  that  fish  thyroid 
proteinase  has  a  much  greater  activity  on  hemoglobin  than  on  thyroglobu  I  in  and 
that  beef  and  fish  thyroglobu  I  in  may  not  be  acted  upon  in  the  same  way.  Further 
differences  between  fish  and  mammalian  enzymes  are  indicated  by  the  lower 
inactivation  temperature  found  for  fish  enzyme.  With  hemoglobin  substrate, 
the  increase  in  enzyme  activity  as  enzyme  concentration  is  increased,  shows 
a  linear  relationship  at  low  concentrations  of  enzyme  only.  Fish  proteinase  has 
only  limited  activity  on  beef  thyroglobul in  and  shows  a  significant  decline  in  the 
activity  per  unit  enzyme  as  enzyme  concentration  is  increased,  suggesting  that 
some  inhibitory  material  may  be  present  in  the  enzyme  preparation.  In  general, 
dialysis  experiments  failed  to  show  the  presence  of  an  inhibitor  substance  when 
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assayed  on  hemoglobin  substrate.  These  studies  did  suggest  that  metal  ions  were 
essential  for  enzyme  function.  Results  with  sulfhydryl  reagents  indicate  the 
presence  of  a  thiol  proteinase. 

These  observations  suggest  that  more  than  one  enzyme  is  present.  This 
is  indicated  by  the  results  of  the  pH  activity  curves,  which  show  three  regions 
of  activity  on  hemoglobin  substrate.  For  convenience,  each  pH  peak  will  be 
considered  to  represent  theoptimum  for  a  separate  enzyme.  Differences  between 
enzymes  extracted  from  fish  caught  in  summer  and  in  winter  appear  in  the  pH 
curves  also. 

Biological  Role  of  Thyroid  Proteinase 

If  the  proteinase  under  investigation  is  thyroidal  in  origin  its  activity 
should  respond  to  TSH  stimulation.  A  series  of  studies  was  carried  out  in  which 
extracts  were  made  of  thyroid  tissue  from  fish  which  had  been  injected  with 
mammalian  TSH.  The  activity  of  the  extracts  was  assayed  on  hemoglobin  sub¬ 
strate  at  pH  2.5.  The  change  in  activity  of  the  proteinase  at  various  times  after 
TSH  injection  into  burbot  held  at  14  to  15  C  is  shown  in  Fig.  5A  (13/10/66  - 
15/10/66).  The  control  values  from  saline  injected  burbot  (curve  A)  steadily 
increased  to  a  maximum  at  18  hr  while  the  experimental  fish  (curve  B)  showed  a 
rapid  increase  in  enzyme  activity  and  attained  a  very  high  value  by  6  hr.  By 
24  hr  both  groups  showed  decreased  levels  of  enzyme  activity.  The  net  stimula¬ 
tion  (activity  of  enzyme  from  TSH  injected  fish  minus  activity  from  control  fish) 


is  seen  in  curve  C . 


Fig.  5A 


Effect  of  TSH  injection  info  burbot  upon  the  proteinase 
activity  of  thyroid  tissue.  Curve  A  -  values  for  saline 
injected  control  fish.  Curve  B  -  values  for  TSH  injected 
experimental  fish.  Curve  C  -  Curve  B  minus  Curve  A 
represents  the  increase  in  activity  of  experimental  burbot 
enzyme  over  that  of  control  values.  Experimental  tempera¬ 
ture  14  C.  Hemoglobin  substrate  at  pH  2.5  and  30  C. 


Fig.  5B 


Effect  of  TSH  injection  into  burbot  upon  the  proteinase  activity 
of  the  thyroid  tissue.  Curve  A  -  values  for  saline  injected 
control  fish.  Curve  B  -  values  for  (TSH)  injected  fish. 

Curve  C  -  values  for  fish  from  the  same  population  injected 
with  a  crude  extract  of  burbot  pituitary.  Conditions  as  in  5A. 
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In  Fig.  5B  the  results  of  a  similar  experiment  on  fish  held  at  5  C  are 
presented  (8/11/66  -  5/4/67).  In  addition  to  NaCI  injected  controls  and 
the  experimental  groups  injected  with  purified  TSH  a  second  experimental 
group  received  burbot  pituitary  extract.  No  differences  occurred  with 
treatments  or  with  time  after  injection  with  mammalian  TSH.  However,  a 
marked  contrast  exists  between  the  low  levels  for  the  control  fish  (curve  A), 
TSH  fish  (curve  B),  and  the  values  for  three  fish  treated  with  burbot  pituitary 
extract  (curve  C).  In  contrast  to  mammalian  TSH,  fish  hormone  produced  a 
highly  significant  stimulation  of  the  thyroid  proteinase  activity. 

The  fish  injected  with  crude  burbot  pituitary  extract  exhibited  signs 
of  respiratory  distress  shortly  after  injection.  They  were  observed  to  swim  to 
the  surface  with  mouths  gaping  and  opercular  covers  spread  in  a  response 
which  is  typical  under  low  oxygen  levels,  and  suggestive  of  asphyxiation. 

For  this  reason,  only  the  three  animals  were  injected  and  sampled  1  to  2  hr 
after  injection  since  the  fish  were  obviously  dying.  During  sampling  it  was 
discovered  that  the  pituitary  extract  had  initiated  intravascular  clotting, 
completely  blocking  the  circulatory  system.  The  small  sample  sizes,  with 
different  variances,  made  the  use  of  normal  statistical  tests  invalid.  The 
non-parametric  Mann  WhitneyU  test  (Siegal,  1956)  was  used,  therefore,  to 
compare  the  enzyme  activities  of  fish  treated  with  pituitary  extract  to  the 
activities  of  the  control  fish  (curve  A)  and  TSH  fish  (curve  B)  sampled  at  1 
and  2  hr.  This  showed  that  the  differences  were  highly  significant  (P  =  0.028). 
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Table  4. 


Effects  of  asphyxiation  on  the  activity  of  the  thyroid 
proteinase  of  the  burbot. 


Group 


Sample 


size 


Mean 

TU 


Range 

TU 


Control 

4 

27.8 

14.3-43.8 

Asphyxiation 

4 

21.8 

14.3-26.5 
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A  series  of  TSH  studies  was  done  during  the  summer  and  fall  of  1966  on 
fish  held  in  the  laboratory  for  about  2  weeks  at  temperatures  ranging  from  12 
to  16  C.  The  fish  were  sampled  6  hr  after  receiving  mammalian  TSH.  The 
results  of  these  experiments  are  presented  in  Fig.  6.  The  numbers  below  the 
points  indicate  sample  sizes  in  both  the  control  and  experimental  groups. 

In  every  case  the  mean  thyroidal  enzyme  activity  was  greater  for  the  TSH 
group.  Individual  values  exhibit  considerable  overlap  and  the  differences 
in  the  means  are  not  statistically  significant.  In  addition  to  the  trend  for 
the  TSH  treated  fish  to  show  higher  enzyme  activities,  two  other  trends  are 
demonstrated.  The  effect  of  TSH  injection  is  greatest  in  the  early  summer 
and  declines  during  the  fall .  At  the  same  time  the  thyroids  of  control  fish 
show  a  gradual  increase  in  proteinase  activity.  This  suggests  an  increased 
production  of  TSH  by  the  pituitary  has  occurred  so  that  thyroids  are  being 
stimulated  already  and  therefore  have  less  capacity  to  respond  to  the  additional 
stimulation  of  exogenous  TSH  injections. 

In  April  a  pituitary  extract  which  had  been  frozen  after  preparation 
was  thawed  and  used  in  a  study  similar  to  those  described  in  the  preceeding 
paragraph.  The  controls  in  this  study  did  show  a  slightly  higher  mean  than  the 
experimentally  treated  fish  but  the  difference  was  not  significant.  These  ob¬ 
servations  are  shown  also  in  Fig. 6.  In  the  June  TSH  experiment  (Fig.  6)  one 
fish  received  TSH  which  had  been  frozen;  it  was  the  only  experimental  fish 
in  this  study  that  did  not  show  enzyme  stimulation,  suggesting  that  the  hormone 
may  have  been  inactivated  by  freezing.  The  values  for  this  fish  are  plotted 
separately  in  Fig .  6 . 


Effect  of  TSH  injection  into  burbot  upon  the  thyroid 
proteinase  at  different  times  of  the  year.  Ali  fish 
sampled  6  hr  after  injection  and  analyzed  on  hemoglobin 
substrate  at  pH  2.5  and  30  C. 

Fish  were  held  at  12  -  16  C  in  all  cases  except  in  April, 
when  they  were  held  at  4C. 


©  mean  values  for  control  fish 

mean  values  for  TSH  injected  fish 
+  mean  values  for  control  fish 

mean  values  for  fish  injected  with  pituitary  extract 

In  Oct.  a  group  of  uninjected  controls  was  studies  in  addition 
to  the  usual  saline  injected  controls.  A  single  fish  which  was 
not  strictly  comparable  to  the  others  is  plotted  individually  in 
July.  Numbers  below  points  indicate  the  sample  size.  Bars 
indicate  range  of  values. 
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Woiiman  et  al.  (1964)  have  shown  thyroglobul  in  hydrolysis  begins  when 
lysosomal  enzymes  are  transferred  to  the  colloid  droplet,  where  digestion  occurs. 
Attempts  were  made  to  determine  if  TSH  acted  to  increase  the  amount  of  active 
enzyme  at  the  expense  of  the  storage  form  .  The  procedures  described  in  the 
methods  were  used  to  separate  the  stored  enzyme  (lysosome  bound)  from  active 
(free)  enzyme.  Extracts  of  thyroid  tissue  were  prepared  from  two  saline  injected 
control  fish  and  two  TSH  injected  experimental  fish.  The  fish  were  killed  7  hr 
after  injection.  The  enzyme  fractions  were  assayed  on  hemoglobin  substrate 
at  pH  2.5,  pH  3.25,  and  pH  4.0  and  the  results  presented  in  Fig.  7,  8,  and 
9. 

In  Fig.  7  the  results  obtained  at  each  pH  are  grouped  so  that  all  analyses 
made  at  pH  2.5  are  reported  in  part  A.  The  quantities  of  total,  free,  and  bound 
proteinase  extracted  from  the  two  control  fish  (fish  1  and  2)  are  shown  on  the  left 
and  the  results  from  the  two  TSH  treated  fish  (fish  3  and  4)  are  shown  on  the  right. 
Figure  7  shows  that  the  total  and  free  enzyme  activity  are  greater  in  the  extracts 
prepared  from  the  experimentally  treated  fish.  In  Fig.  8  the  same  data  expressed 
as  a  %  of  the  total  activity  for  each  fish  shows  that  there  are  no  obvious  differences 
in  the  relative  composition  of  the  extracts,  that  is,  the  relative  amounts  of  free 
and  bound  enzyme  remain  constant.  Fish  4  is  a  possible  exception.  The  results 
at  pH  2  .5  and  pH  4.0  suggest  that  there  has  been  a  release  of  enzyme  from  the 
lysosomes  (bound  or  storage  form).  In  Fig.  9  the  relative  amounts  of  pH  2.5, 
pH  3 .25 ,  and  pH  4.0  enzymes  are  compared  for  each  fish.  Fig.  9A  shows 
that  no  obvious  changes  have  occurred  in  the  relative  amounts  of  the  different 


Fig.  7 A 


The  activity  at  pH  2.5  of  total  proteinase  (T),  free 
enzyme  (F) ,  and  lysosomal  bound  (B)  enzyme  for 
fish  1,  2,  3,  and  4  is  shown.  Fish  1  and  2  were 
saline  injected  controls;  fish  3  and  4  received  TSH 
6-7  hr  before  being  killed. 

Values  are  means  of  duplicate  determinations  on 
hemoglobin  substrate  at  25  C. 


Fig.  7B 


The  results  of  the  same  study  with  analysis  being 
carried  out  at  pH  3.25 


Fig.  7 C 

The  results  of  the  same  study  with  analysis  being 
carried  out  at  pH  4.0 
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Fig.  8 A 


The  activity  of  free  (F)  and  bound  (B)  proteinase  at 
pH  2.5  has  been  expressed  as  a  %  of  the  total 
enzyme  activity. 

Other  details  are  as  in  Fig.  7. 


Fig.  8B 


The  same  comparison  is  made  for  the  activity  at 
pH  3.25 


Fig.  8C 

The  same  comparison  is  made  for  the  activity  at 

pH  4.0 
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Fig.  9A 


The  total  activity  of  the  enzyme  at  pH  3.25  and 
pH  4.0  has  been  expressed  as  a  %  of  the  pH  2.5 
enzyme  . 

Other  details  are  as  in  Fig.  7  and  8. 


Fig.  9B 

Activity  of  free  enzyme  at  pH  3.25  and  pH  4.0 
has  been  compared  to  the  pH  2.5  activity. 


Fig.  9C 


The  values  for  bound  enzyme  have  been  subjected 
to  the  same  comparison. 
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enzymes  which  make  up  the  total  activity.  Fig.  9B  and  9C  make  the  same  comparison 
for  the  free  and  for  the  bound  fractions.  The  results  indicate  that  in  fish  4,  which 
showed  the  most  significant  increase  in  proteinase  activity  in  response  to  the  TSH 
injection,  the  activity  of  the  pH  3.25  and  pH  4.0  enzymes  have  increased  relative 
to  the  pH  2.5  enzyme.  This  is  especially  true  for  the  lysosome  bound  fraction.  An 
increase  in  bound  enzyme  activity  occurred  in  fish  2  also.  Reasons  for  suspecting  that 
the  increase  in  bound  enzyme  in  fish  2  and  4  may  not  be  equivalent  will  be  dealt 

r 

wi  th  be  I  ow . 

These  results  indicate  that  there  is  a  general  increase  in  thyroid  proteinase 
activity  at  all  pH  values  with  TSH  stimulation.  The  results  of  fish  4  suggest  that 
a  shift  in  enzyme  from  the  bound  to  the  free  (active)  form  occurs.  The  increase  in 
the  pH  3.25  and  pH  4.0  activities,  relative  to  the  activity  at  pH  2  .5,  suggests 
that  enzymes  with  a  higher  pH  optima  may  be  preferentially  stimulated. 

To  determine  if  the  enzyme  was  directly  stimulated  by  TSH,  small  amounts 
of  hormone  were  added  to  the  hemoglobin  substrate,  which  was  subsequently  used 
in  enzyme  analyses.  The  analyses  of  the  pH  2.5,  pH  3.25,  and  pH  4.0  enzymes 
on  substrate  containing  0,  15,  and  60  Jfliter  /TSH/ml  was  carried  out  at  25  C, 
using  a  standard  TSH  preparation  (5  lU/ml  in  0.7%  NaCI,  Thyrotron,  Nordic 
Biochemicals,  Montreal).  In  Fig.  10A  the  activity  of  the  enzymes  are  given  in 
tyrosine  units;  Fig.  10B  shows  the  activity  of  the  TSH  treated  preparation  as  a 
percentage  of  the  control  preparation.  In  all  cases  the  presence  of  TSH  inhibited 
the  activity  of  the  enzymes.  The  degree  of  inhibition  was  greatest  at  pH  2.5  and 
least  at  pH  4.0;  at  each  pH  the  magnitude  of  the  effect  was  directly  proportional 


Fig.  10A 


The  activity  of  a  proteinase  preparation  assayed  at 
pH  2.5,  pH  3.25,  and  pH  4.0  after  the  in  vitro 
addition  of  0,  15,  and  6Q|diter  of  ISH. 
Hemoglobin  substrate  30  C. 


Fig.  10B 


The  data  of  Fig.  10A  is  presented  as  a  %  of  the 
control  value  for  each  pH 
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to  the  amount  of  hormone  present.  Table  5  shows  the  results  obtained  when  10  yliter 
of  standard  TSH  was  added  to  1  ml  of  enzyme  extract  and  when  10  jjliter  of  0.7% 
NaCI  was  added  to  1  ml  of  control  enzyme  extract.  When  the  extracts  were  analyzed 
at  pH  2.5,  pH  3.25,  and  pH  4.0  the  hormone  treated  extract  showed  a  slight 
inhibition  at  pH  2.5.  The  reduced  level  of  inhibition  in  this  study,  as  compared 
to  the  one  reported  in  Fig.  10,  seems  related  to  the  lower  concentration  of  TSH 
used.  The  effective  concentration  of  TSH  in  the  final  incubation  medium  (Table  5) 
was  1  jjliter/ml  or  1/10  the  lowest  dose  used  in  the  first  study. 

Differences  in  Proteinase  from  Warm  and  Cold  Acclimated  Fish 

A  number  of  studies  were  carried  out  to  determine  if  enzyme  extracted 
from  summer  fish  thyroids  differed  from  those  of  winter  fish.  The  first  experiment 
examined  the  effect  of  temperature  upon  the  pH  optima  of  the  enzyme  (Fig.  11). 
Extracts  from  summer  fish  were  incubated  with  buffered  substrate  over  a  range 
of  pH  values  at  20  C  (Fig .  1 1  A)  and  at  13  C  (Fig .  11B).  Winter  fish  extracts 
were  assayed  at  13  C  (Fig.  1 1 B)  and  5  C  (Fig.  11C).  The  extract  remaining  was 
assayed  at  30  C  (Fig.  11  A). 

The  results  of  Fig.  2A  (30  C)  indicated  the  presence  of  three  enzymes, 
designated  as  the  pH  2.5  enzyme  (enzyme  1),  the  pH  3.25  enzyme  (enzyme  2), 
and  the  pH  4.0  enzyme  (enzyme  3).  The  results  of  the  13  C  curve  (Fig.  11B) 
indicate  that  no  significant  differences  occurred  in  the  pH  optimum  of  enzyme  3 
or  enzyme  1  when  extracts  from  summer  and  winter  fish  were  compared  .  Both 
curves  show  optimal  values  at  pH  4.0  (enzyme  3)  and  pH  2.0  (enzyme  1)  and 
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Table  5.  Effects  of  TSH  on  the  enzyme  activity.  The  activity  of  thyroid 

proteinase  at  each  pH  was  determined  after  the  addition  of  10 
juliter  of  TSH  to  1  ml  enzyme. 


pH 

2.5 

pH 

3.25 

pH 

4.0 

Treatment 

TU 

% 

TU 

% 

TU 

% 

Control 

43.8 

100.0 

30.3 

100 

20.3 

100.0 

TSH 

40.8 

93.2 

30.3 

100 

19.8 

97.5 

Fig.  1 1 A 


Effect  of  pH  on  activity  of  summer  enzyme  analyzed  at  30  C  Off), 
and  20  C  (■$)  and  winter  enzyme  measured  at  30  C  ((&). 
Hemoglobin  substrate. 


Fig.  1 1B 

Effect  of  pH  on  activity  of  summer  enzyme  (-^  and  winter 
enzyme  (®)  measured  at  13  C.  Arrows  indicate  possible 
peak  for  enzyme  2 . 


Fig.  11C 

Effect  of  pH  on  winter  enzyme  (®)  measured  at  5  C. 
Arrow  indicates  possible  peak  for  enzyme  2. 
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both  curves  indicate  that  a  significant  decline  in  enzyme  activity  occurred  at  values 
lower  than  pH  2.0.  Enzyme  2  activity  from  the  two  sources,  summer  and  winter 
fish,  (Fig.  1 1 B)  may  show  slight  differences  in  pH  optima;  however,  the  low  and 
intermittent  activity  of  enzyme  2  in  the  extracts  make  a  critical  evaluation 
impossible. 

The  results  obtained  using  the  summer  fish  thyroid  extract  suggest  that  the 
optimum  pH  of  enzyme  1  at  20  C  (Fig.  11  A)  occurred  at  a  lower  pH  than  when 
the  enzyme  was  assayed  at  30  C.  The  13  C  results  (Fig.  1  IB)  showed  a  further 
shift  in  the  optimum  to  more  acid  pH  values.  The  5  C  curve  (Fig.  1 1 C)  showed 
no  indication  that  the  pH  optimum  had  been  reached  at  pH  2.0.  A  change  in 
optimal  pH  values  as  incubation  temperature  was  reduced  is  seen  for  the  enzyme  3 
activity,  which  is  evident  as  a  distinct  peak  at  pH  4.25  at  20  C  (Fig.  1 1  A) .  It 
is  present  also  at  13  C  (Fig.  1 1 B)  and  5  C  (Fig.  11C).  The  enzyme  3  peak  shows 
a  shift  in  optimum  pH  from  pH  4.25  at  20  C  to  pH  4.0  at  5  C . 

Neither  the  30  C  curves  nor  the  20  C  curve  (summer  fish  thyroid  extract) 
showed  indications  of  an  activity  peak  at  pH  3.25  where  the  enzyme  2  optimum 
would  be  expected.  However,  the  presence  of  enzyme  2  in  both  of  the  13  C 
curves  (Fig.  11B)  is  suggested  by  an  irregularity  at  pH  2.75  (see  arrow).  A 
similar  irregularity  at  pH  2  .25  of  the  5  C  curve  may  represent  enzyme  2  (see 
arrow.  Fig.  1 1 C) .  In  view  of  these  observations  it  is  assumed  that  enzyme  2  occurs 
in  the  20  C  and  30  C  curves  (Fig .  1 1A)  at  low  levels  of  activity  and  that  its 
presence  is  obscured  by  the  conditions  of  the  assay.  Assuming  that  enzyme  2 
has  been  demonstrated  it,  like  enzyme  1,  shows  a  shift  in  the  optimum  with  changes 
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in  incubation  temperature. 

The  rapid  decline  in  activity  seen  in  Fig.  11  below  pH  2.0  suggests 
inactivation  of  enzymes  at  low  pH  values.  Fig.  11  indicates  that  the  effect  was 
greater  at  high  temperatures.  The  effect  of  pH  and  temperature  on  enzyme 
stability  was  tested  by  exposing  portions  of  an  extract  to  a  low  pH  and  neutral 
pH  at  two  temperatures.  Results  in  Table  6  show  that  the  effect  of  acid  pH  at  the 
higher  temperature  resulted  in  extensive  enzyme  inactivation.  At  neutral  pH 
exposure  to  30  C  produced  a  20%  loss  in  activity.  At  0  C  pH  2.0  conditions 
inactivated  25%  of  the  enzyme.  The  two  extreme  conditions  combined  (pH  2.0 
and  30  C)  produced  a  loss  of  92%  of  the  initial  activity.  Therefore,  it  was 
concluded  that  the  apparent  pH  optimum  at  a  given  temperature  was  determined 
by  the  conditions  of  temperature  and  acidity  at  which  inactivation  of  the  enzyme 
by  acid  became  a  limiting  factor. 

The  results  presented  thus  far  suggest  that  there  might  be  seasonal 
differences  in  the  thermal  stability  of  the  thyroid  proteinoses  of  the  burbot. 
Enzyme  preparations  from  thyroid  tissue  of  fish  caught  in  summer  and  in  winter 
were  exposed  to  37  C  for  20  min  and  then  cooled  in  an  ice  bath.  The  results 
are  presented  in  Table  7.  The  fish  represented  in  Table  7 A  were  caught  18/5/66 
and  5/1/67  and  analyzed  23/1/67;  those  in  Table  7B  were  caught  18/5/66 
and  28/1/67  and  analyzed  2/2/67.  The  two  Tables  show  similar  results, 
qualitatively.  The  loss  of  activity  by  winter  enzyme  (60%  in  Table  7A,  40%  in 
Table  7B)  is  greater  than  the  loss  by  summer  enzyme  (1  T%  in  Table  7A,  16%  in 
Table  7B).  The  pH  2.5,  pH  3.25,  and  pH  4.0  enzymes  from  winter  fish  are  all 
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Table  6. 


The  effects  of  heat  and  pH  on  thyroid 
proteinase  activity. 


Sample 

Treatment 
Temp.  C 

pH 

Duration 

hr 

Activity 

TU 

% 

1 

0 

7 

1 

36 

100.0 

2 

30 

7 

1 

29 

80.5 

3 

0 

2 

1 

27 

75.0 

4 

30 

2 

1 

3 

8.3 
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Table  7 .  Effects  of  a  20  min  exposure  to  37  C  on  the  activity  of 

thyroid  proteinoses  prepared  from  fish  caught  in  summer 
and  in  winter. 


Expt .  A 

pH 

TU 

2.5 

% 

pH 

TU 

3.25 

% 

pH 

TU 

4.0 

% 

winter 

control 

53.0 

100.0 

33.3 

100.0 

12.3 

100.0 

winter  heated 

24.0 

45.3 

11.5 

34.5 

5.0 

40.6 

summer 

control 

46.0 

100.0 

29.5 

100.0 

8.5 

100.0 

summer  heated 

43.0 

93.5 

25.6 

86.8 

7.3 

85.9 

Sources  18/5/66 
5/1/66 

Expt .  B 

pH 

TU 

2.5 

% 

pH 

TU 

3.25 

% 

pH 

TU 

4.0 

% 

winter 

control 

84.5 

100.0 

70.0 

100.0 

27.5 

100.0 

winter  heated 

55.3 

65.4 

37.5 

53.6 

14.8 

53.8 

summer 

control 

62.0 

100.0 

38.3 

100.0 

14.3 

100.0 

winter 

heated 

58.8 

94.8 

32.5 

84.9 

10.3 

72.0 

Sources  18/5/66 
28/1/66 
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more  sensitive  than  the  corresponding  forms  from  summer  fish.  A  slightly  greater 
loss  of  activity  by  the  pH  3.25  and  the  pH  4.0  enzyme  is  common  to  both  experiments. 
A  greater  inactivation  of  the  winter  enzyme  used  in  study  A  relative  to  that  used 
in  study  B  was  noticed.  Similar  differences  are  seen  in  Fig.  13  and  Fig.  17B. 

These  will  be  dealt  with  in  the  discussion. 

It  is  generally  accepted  that  the  Michaelis-Menten  Constant  (K,*),  which 
equals  the  substrate  concentration  at  which  the  reaction  velocity  equals  one  half 
the  maximum  velocity,  is  a  constant  characteristic  of  the  enzyme  being  studied 
(Dixon  and  Webb,  1964).  Michaelis-Menten  Constants  were  determined  at  30  C 
for  the  pH  2.5  proteinase  extracted  from  tissues  of  summer  (18/5/66)  and  winter 
(5/1/67)  fish  using  hemoglobin  as  a  substrate.  The  graphical  method  of 
Lineweaver  and  Burk  was  used  to  present  the  data  in  a  double  reciprocal  plot, 
where  1/s  is  plotted  against  1/v  (s  =  substrate  concentration  and  v  =  reaction 
velocity).  The  curves  of  Fig.  12  indicate  the  results.  Each  point  is  the  mean 
of  duplicate  analyses.  Table  8  summarizes  the  significant  values  obtained  from 
the  curve.  Statistical  analysis  indicated  that  the  slopes  of  the  two  lines  in 
Fig.  12  were  significantly  different. 

F  s  27.1  (1-10  degrees  of  freedom)^>  F.005  s  12.83  (1-10  degrees  of 

freedom) 

One  can  conclude  that  the  enzymes  extracted  from  the  thyroids  of 
summer  and  winter  fish  are  different. 

The  effects  of  temperature  on  the  rate  of  enzyme  activity  was  determined 
by  analyzing  portions  of  the  same  extract  on  the  same  hemoglobin  substrate 


Fig.  12 


Lineweaver-Burk  double  reciprocal  plot  of  the  effect 
of  substrate  concentration  on  thyroid  proteinase 
activity  from  summer  and  winter  fish.  Hemoglobin 
substrate  pH  2.5  and  30  C. 
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Table  8. 


Summary  of  constants  for  thyroid  proteinoses  derived 
from  the  Lineweaver-Burk  analysis  shown  in  Fig.  12. 


Value 


Source 


Summer  Winter 

fish  fish 


1 

V 

V  (TU/hr) 


Slope 


K 


m 


K 


m 


y  intercept 

.0136 

.0131 

v  =  1 - 

y  intercept 

73.4 

76.2 

. 00209 - 

.00179 

Km  =  V  •  slope 

.153 

.136 

x  intercept 

-6.45 

-7.30 

Km  ”  .  . 

x  intercept 

.155 

.137 

m 


.154 


mean  K 


.137 


0£.V 


58. 


preparation  at  a  series  of  temperatures.  The  work  was  done  in  two  parts;  on 
13/4/67  extracts  were  prepared  representing  summer  fish  (16/7/66)  and  winter 
fish  (28/2/67).  These  were  analyzed  in  duplicate  at  0,  5,  10,  15,  and  20  C. 
On  10/5/67  new  extracts  were  made  from  winter  fish  tissue  (5/1/67)  and  from 
summer  fish  tissue  (18/5/66).  These  were  analyzed  in  quadruplicate  at  5,  10, 
15,  and  20  C.  The  mean  values  were  graphed  as  a  simple  rate-temperature 
curve  (Fig.  13A)  and  as  an  Arrhenius  plot  (Fig.  13B).  In  Fig.  13A  the  QiO 
of  the  reaction  is  given  by  the  slope  of  the  line  while  in  Fig.  13B  the  slope 
is  proportional  top  ,  the  critical  thermal  increment  (apparent  activation 
energy). 

The  curves  for  February  (2),  May  (3),  and  July  (4)  show  a  two  phase 
relationship  which  was  not  seen  in  the  January  (1)  curve  (Fig.  13A  and  13B). 
The  critical  temperature  (change  in  slope  indicated  by  arrow)  is  about  10  C 
for  the  February  curve,  12  C  for  the  May  curve  and  at  about  15  C  for  the  July 
curve.  The  Q^q  values  calculated  for  5  C  increments  are  presented  in 
Table  9.  In  general,  the  Q-|q  values  for  enzyme  activity  from  winter  fish 
are  higher  than  those  for  activity  from  summer  fish,  measured  over  the  same 

temperature  range . 

Two  preliminary  studies  were  done  to  determine  how  exposure  of 
fish  to  cold  affected  the  activity  of  thyroid  proteinase.  In  the  first  study 
the  effects  of  a  rapid  transfer  of  the  fish  from  15  C  to  5  C  or\  the  activity  of 
the  pH  2.5  proteinase  (hemoglobin  substrate)  was  tested.  The  activities  of 
the  thyroid  proteinase  after  a  12  hr  exposure  to  the  lower  temperature  are 


Fig.  13A 


The  rate-temperature  curve  for  enzymes  prepared  from 
burbot  thyroids  collected  5/1/67,  28/2/67,  18/5/66, 
16/7/66  as  measured  on  hemoglobin  substrate.  The 
units  of  activity  are  arbitrarily  chosen  so  that  the 
curves  occur  in  a  chronological  sequence  according 
to  month.  The  arrows  indicate  the  critical  temperature. 
Values  for  July  and  Feb.  curves  are  means  of  duplicate 
analyses.  Values  for  Jan.  and  May  represent  means 
of  quadruplicate  analyses.  Analyzed  at  pH  2.5  and 
30  C. 
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Fig.  13B 


Arrhenus  plot  of  enzyme  activity  against  reciprocal  of 
absolute  temperature  for  enzymes  from  5/1/67,  28/2/67, 
18/5/66,  and  16/7/66. 

The  units  of  activity  are  arbitrary,  chosen  so  that  the 
curves  would  occur  in  a  chronological  order  according 
to  month . 

The  arrows  indicate  the  critical  temperature. 

Other  details  are  as  given  in  Fig.  13A 
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Table  9  „ 


Temperature  coefficients  (Q.jq)  for  thyroid  proteinoses 
prepared  from  fish  caught  at  different  times  of  the 
year . 


Temperature 


Range  C 

5  January 

28  February 

18  May 

16  July 

0-5 

- 

2.16 

- 

2.08 

5-10 

3.06 

2.37 

2.03 

2.04 

10-15 

2.61 

3.63 

2.53 

2.39 

15-20 

2.93 

3.45 

2.79 

3.37 
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shown  in  Table  10.  The  Mann  Whitney  U  test  (Siegal,  1956)  indicates  that  the 
differences  are  significant  at  the  0.10  level,  indicating  that  the  enzyme  levels 
were  reduced  by  cold  exposure. 

Fig.  14  shows  the  effects  of  acclimation  to  4  C  by  summer  fish  as 
compared  to  control  fish  caught  at  the  same  time  and  held  at  12  C  to  17  C  for 
6  weeks.  Because  of  the  limited  sample  size  and  the  extreme  variability  of 
the  results  the  data  were  not  analyzed  statistically.  Only  spleen  enzyme  showed 
any  evidence  of  low  temperature  compensation.  Enzyme  activities  from  thyroid, 
kidney,  conus,  and  muscle  appeared  unaltered  while  the  activity  of  the  liver 
enzyme  was  lower  in  the  low  temperature  group.  The  significant  feature  is 
that  the  "same"  enzyme(s)  from  different  organs  analyzed  on  hemoglobin  at 
pH  2.5  may  show  increased,  decreased,  or  no  change  in  activity  during 
temperature  acclimation.  There  is,  of  course,  no  proof  that  the  enzymes  from 
different  organs  are  the  same. 

It  appears  likely  that  liver  (and  possible  muscle)  are  responding  to 
the  nutritional  state  of  the  fish  rather  than  to  temperature.  These  fish  had 
been  held  without  food  for  several  weeks  and  were  probably  utilizing  liver 
reserves  and  muscle  protein  as  energy  sources  (Hoar,  1957).  This  would  be 
especially  important  at  high  temperatures  (Brown,  1957).  Umana  (1967) 
has  shown  that  starvation  of  rats  increases  the  quantity  of  liver  cathepsins 
which  are  presumably  involved  in  gluconeogenesis. 


Two  factors  pertinent  to  this  study  that  show  obvious  seasonal  variation 
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Table  1 0  „ 


Effect  of  12  hr  cold  shock;  transfer  from  15  C  to 


5  C.  on  the  thyroid  proteinase  of  burbot. 


enzyme  activity 

Treatment 

Temp . 

Sample 

mean 

range 

C 

size 

TU 

TU 

control 

15 

4 

27.8 

14.3-43.8 

cold  shock  12  hr, 

10  C  below 
accl  imation 
temperature 

5 

4 

16.6 

10.1-21 .0 

Fig.  14 


Activity  of  enzyme  extracted  from  different  tissues 
after  acclimation  of  burbot  to  high  temperature  (12  to 
17  C)  and  low  temperature  (4  C).  Assayed  in 
duplicate  on  hemoglobin  at  pH  2.5.  The  bars  are 
drawn  to  represent  the  mean  values  while  the 
points  indicate  the  values  for  individual  fish  which 
are  means  of  duplicate  determinations  at  25  C. 


o 
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are  environmental  temperature  and  reproductive  activities  of  the  burbot.  Seasonal 
temperatures  from  January  1966  to  March  1967  are  shown  in  Fig.  15.  Fig.  16 

i 

shows  the  pattern  of  gonadal  development  for  male  and  female  burbot  which  begins 
in  September  as  the  lake  water  temperature  drops.  The  smooth  curve  for  female 
gonadal  development  was  sketched  to  approximate  the  data.  Maturation  of  the 
testes  appears  more  variable  but  more  rapid  than  ovarian  development  and  reaches 
a  maximum  by  about  December.  The  ovary  increases  in  size  more  gradually  than 
the  testes  until  it  reaches  a  maximum  in  March.  The  decline  in  testes  weight  in 
February  may  indicate  early  spawning;  the  observed  loss  of  sperm  caused  by 
handling  the  fish  probably  is  a  factor.  Spawning  occurred  in  mid  to  late  March 
in  1965,  1966,  and  1967. 

Thyroid  samples  were  collected  at  all  seasons  of  the  year  from  burbot 
in  Lac  Ste.  Anne  and  were  analyzed  for  enzyme  activity  using  hemoglobin 
substrate.  Each  value  in  Fig.  17  represents  the  mean  enzyme  activity  in  extracts 
of  thyroid  tissue  from  six  different  fish.  Each  assay  was  performed  in  duplicate 
on  hemoglobin  substrate  at  pH  2.5  and  in  some  cases  at  pH  3.25  and  pH  4.0 
as  well .  The  values  for  male  and  female  fish  were  examined  and  the  differences 
appeared  to  be  random.  It  was  concluded,  therefore,  that  no  consistent 
sexually  related  effects  had  been  demonstrated. 

During  the  fall  when  lake  temperature  was  dropping,  enzyme  activity 
appeared  to  remain  constant  at  a  moderately  high  level.  Later  in  the  winter 
the  activity  of  the  thyroid  enzyme  had  fallen  by  about  30%  (statistically 
significant,  P  =  .05,  Table  11)  and  remained  low  until  mid  May.  Enzyme 


Fig.  15 


Seasonal  variation  in  water  temperature  at  Lac  Ste .  Anne 
measured  at  a  depth  of  3  m  (from  May  1966  to  April  1967) 


Fig.  16 


Seasonal  change  in  gonadosomatic  index  (GSI)  of  male 

and  female  burbot  collected  from  Lac  Ste.  Anne,  Alberta. 

GSI  =  gonad  weight  ^  100% 
body  weight 
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Fig.  17A 


Seasonal  changes  in  pH  2.5  thyroid  proteinase  (  •  )  activity 
of  burbot  collected  at  Lac  Ste .  Anne  and  assayed  on  hemoglobin 
at  25  C.  Points  are  means  of  duplicate  determinations  on  6 
individual  fish.  Similar  analyses  of  extracts  from  conus 
arteriosis  are  reported  as  (  O  ).  Bars  equal  one  standard  deviation. 


Fig.  17B 

Seasonal  change  of  thyroid  proteinase  activity  of  burbot 
at  pH  3.25  (curve  A  -  ft  )  and  pH  4.0  (curve  C  -  O) 
relative  to  pH  2.5  activity.  Change  of  pH  4.0 
(curve  B  -  activity  relative  to  pH  5  activity.  In 
each  case  the  mean  activity  at  each  pH  (duplicate  values 
for  6  fish)  has  been  used  in  calculating  the  ratio. 


Relative  Activity 
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Months 
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Table  1 1  .  Summary  of  statistical  tests  used  to  compare  means 

of  seasonal  thyroid  proteinase  samples  for  significant 
differences.  Student's  t-test. 


Groups  compared 

t 

calc . 

d.f. 

t 

tabled 

level 
of  sig . 

interpretation 

29/10/66 

5/1/67 

2.22 

10 

2.23 

.05 

Significant 

18/5/66 

2/6/66 

4.06 

10 

3.58 

.005 

Significant 

2/6/66 

30/7/66 

3.08 

10 

2.63 

.025 

Significant 

30/7/66 

2/9/66 

1.19 

10 

0.88 

0.4 

Not  significant 
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activity  from  burbot  collected  2  June  had  risen  sharply  to  a  concentration  2 
times  the  mid  winter  value  (statistically  significant,  P  =  .005,  Table  11).  This 
increase  paralleled  the  increase  in  water  temperature  during  May  and  June.  Enzyme 
activity  then  declined  (statistically  significant,  P  =  .025,  Table  1 1)  and  values 
obtained  at  the  end  of  July  were  the  same  as  those  found  in  mid  winter.  Extracts 
of  conus  arteriosis  tissue  were  analyzed  for  comparison.  When  the  study  was  begun 
the  conus  arteriosis  was  selected  as  a  control  tissue  because  of  its  proximity  and 
similarity  to  the  ventral  aorta.  It  was  realized  later  that  significant  amounts  of 
thyroid  tissue  may  be  found  in  the  conus  (Baker- Cohen ,  1959).  For  this  reason 
additional  analyses  of  control  tissue  was  not  done.  The  activity  of  the  enzyme 
in  the  conus  arteriosis  remained  consistently  low  throughout  the  year. 

Fig.  17B  shows  the  mean  activity  of  the  pH  3.25  and  pH  4.0  thyroid 
proteinase  expressed  as  a  fraction  of  the  proteinase  activity  at  pH  2.5  (lines  A 
and  C).  The  value  of  the  mean  pH  4.0  enzyme  activity  is  expressed  as  a  fraction 
of  the  mean  pH  3.25  activity  (line  B).  The  ratios  plotted  on  a  seasonal  basis 
demonstrate  that  the  relationship  between  the  activities  at  different  pH  values 
is  not  constant.  The  activities  of  the  pH  3.25  enzyme  and  the  pH  4.0  enzyme, 
relative  to  the  pH  2.5  enzyme,  are  seen  to  decline  in  the  fall  and  increase  in 
the  spring.  The  pH  4.0  enzyme  shows  a  much  greater  change  seasonally  than 
the  pH  3.25  enzyme.  The  ratio  of  the  pH  4.0  enzyme  to  the  pH  3.25  enzyme 
showed  a  similar  pattern.  This  is  strong  evidence  that  there  is  a  seasonal 
change  in  the  relative  activities  of  the  different  enzymes  independent  of  changes 


in  their  absolute  activities. 
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After  the  analysis  of  individual  extracts  the  enzyme  extracts  were  pooled. 
Portions  of  the  pooled  extracts  from  each  collection  period  were  used  to  determine 
whether  seasonal  differences  in  inactivation  temperature,  response  to  cysteine, 
and  response  to  iodoacetate  were  evident.  The  methods  used  have  been  described 
above.  Table  12  shows  the  results  of  these  analyses  which  were  carried  out  in 
duplicate  with  hemoglobin  substrate  at  pH  2.5.  The  cysteine  results  showed  no 
significant  trends  but  the  iodoacetate  treatment  showed  a  seasonal  pattern  with 
enzymes  from  winter  fish  exhibiting  a  greater  degree  of  inhibition.  The  results 
of  the  temperature  inactivation  study  confirmed  the  earlier  observation  (Table  7) 
that  enzyme  from  fall  and  winter  was  more  sensitive  to  heat  than  enzyme  prepared 
from  summer  fish  tissue. 

Iodide  Distribution  Studies 

Normal  thyroid  function  is  dependent  upon  an  adequate  supply  of  iodide. 
A  study  of  iodide  metabolism  in  the  burbot  wasj  undertaken  to  determine  to  what 
extent  the  pattern  of  iodide  distribution  and  seasonal  fluctuations  in  iodide 
concentration  might  influence  thyroid  activity. 

In  the  first  study  radioiodide  was  injected  into  a  group  of  fish,  from 
which  individuals  were  sampled  at  intervals  of  time  after  injection.  Weighed 
tissue  samples  were  counted  for  radioactivity  and  changes  in  the  distribution 
of  the  isotope  determined  by  calculating  tissue/serum  (T/S)  ratios  of 
radioiodide.  The  results  for  tissues  representing  different  patterns  of  iodide 
distribution  are  presented  in  Fig.  18  and  Fig.  19. 
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Table  12. 


Effects  of  exposure  to  heat,  cysteine,  and  iodoacetate 
on  enzymes  collected  at  different  times  of  the  year. 


Date 

Control 

TU  % 

T  inact . 

TU  % 

Cysteine 

TU  % 

Iodoacetate 

TU  % 

2/9/66 

16.7 

100 

15.0 

90.1 

21.0 

126.0 

9.2 

55.0 

9/10/66 

12.5 

100 

9.1 

72.7 

26.0 

209.0 

2.8 

22.5 

5/1/67 

14.4 

100 

10.9 

76.0 

21.6 

151.0 

2.2 

15.0 

18/5/66 

14.9 

100 

11.8 

78.9 

28.6 

192.0 

1.75 

11.7 

2/6/66 

19.7 

100 

18.0 

91.1 

25.8 

131 .0 

2.85 

14.5 

30/7/66 

10.2 

100 

9.3 

90.7 

18.9 

185.0 

5.05 

49.5 

Fig .  18 


Changes  in  the  T/S  ratios  of  skin  (l^),  bile  (©)  and 
muscle  (o)  after  the  injection  into  burbot  of  a  tracer 
dose  of  radioiodide.  Lines  are  drawn  to  indicate 
trends . 


S/1 


Fig.  19 


Changes  in  the  T/S  ratio  of  muscle  (•),  brain  (^>), 
gill  (o),  and  kidney  (-^ .)  after  the  injection  into 
burbot  of  a  tracer  dose  of  radioiodide.  Lines  are  drawn 


to  indicate  trends. 
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Radioiodide  penetration  into  muscle  and  brain  was  slow.  The  T/S  ratio 
gradually  increased  from  0.2  at  24  hr  to  a  value  of  0.6  for  brain  and  0.8  for 
muscle  80  hr  after  injection.  Brain  iodide  values  then  appeared  to  remain 
constant  until  240  hr  but  muscle  iodide  continued  to  increase  until  it  attained 
values  of  1 .6  to  3.3  in  the  terminal  sample .  The  T/S  ratio  of  kidney  and  gill 
reached  a  level  of  0.6  to  0.8  within  2.5  hr  and  remained  relatively  constant  for  the 
240  hr  of  the  study.  The  iodide  content  of  the  bile  increased  steadily  from  15  hr 
to  80  hr,  when  its  highest  values  (T/S  =  8  to  22)  were  recorded.  After  this  time 
the  values  decreased.  The  most  dramatic  change  was  seen  in  the  skin,  which 
reached  a  T/S  ratio  of  22  between  25  and  30  hr.  The  T/S  ratio  then  fell  to  about 
1 1  at  72  hr  and  to  7  at  240  hr. 

The  fish  acclimated  to  4  C  and  to  12  -  17  C  for  enzyme  studies  (Fig.  14) 
were  used  also  to  study  the  effects  of  temperature  on  the  distribution  of 
radioiodide  in  the  tissues  taken  three  days  after  injection  of  125 1.  Unfortunately, 
by  chance  all  the  high  temperature  fish  were  females,  while  only  males  occurred 
in  the  low  temperature  group.  Consequently,  the  observed  differences 
conceivably  could  be  related  to  sex  rather  than  to  temperature.  However,  the 
T/S  ratios  for  the  ovary,  which  concentrates  iodide  in  many  animals,  were 
low  and  not  significantly  different  from  the  T/S  ratios  for  the  male  gonad  (low 
temperature  group).  The  fact  that  the  fish  were  studied  at  the  end  of  May 
(27/5/66)  and  were  either  spent  or  resorbing  the  ova,  suggests  that  minimal 
sexually  related  effects  would  be  expected  at  this  time  of  year.  Reference  to 
Fig.  20  shows  that,  with  the  exception  of  gonad  and  skin,  there  was  a  small 


Fig.  20 


Radio  iodide  T/S  ratios  of  different  tissues  from  warm 
(12-17  C)  and  cold  (4  C)  acclimated  burbot. 
Duration  of  acclimation  6  weeks. 

Fish  sampled  72  hours  after  injection. 


s 


Serum  Muscle  Liver  Bile  Spleen  Tail  Kidney  HeadKidney  Gonad  Skin 
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consistent  difference  for  ail  tissues  between  the  mean  T/S  ratios  of  the  two 
temperature  groups.  !n  all  cases  except  skin  and  gonad,  the  T/S  radioiodide 
values  are  greater  for  high  temperature  fish.  In  contrast,  skin  T/S  values  are 
much  higher  in  the  low  temperature  group.  Samples  of  skin  from  the  same  fish 
were  analyzed  for  stable  iodide  12/|  and  showed  the  following  values.  The  low 
temperature  fish  had  a  mean  skin  127 1  concentration  of  5.21  pg/g  with  values 
ranging  from  3.22  to  8.05  jj g/g,  whereas  the  mean  for  the  high  temperature  group 
was  2 . 18  jjg/g  with  a  range  from  1 .83  to  2.68  pg/g . 

Serum  and  skin  samples  were  collected  from  burbot  at  all  seasons  at 
Lac  Ste.  Anne,  Alberta  and  analyzed  for  stable  iodide  ( 127 1)  determine  if 

a  significant  fluctuation  of  iodide  occurred.  The  mean  values  are  presented 
in  Fig.  21 .  The  numbers  above  the  points  represent  the  number  of  fish  analyzed. 
The  points  were  connected  by  a  smooth  curve  to  indicate  trends.  Part  of  the 
data  was  submitted  to  analysis  of  variance  (plotted  as  -^in  Fig.  21).  The 
remaining  samples  were  not  included  in  the  analysis  because  they  contained 
insufficient  numbers  of  animals  to  provide  valid  comparison.  The  analyses 
of  serum  127 1  values  showed  that  there  were  significant  differences  between 
three  seasonal  samples. 

F  =  3.3L>  F  .025  =  2.90 

The  differences  between  sexes  were  not  statistically  significant.  Skin  values 
showed  seasonal  differences  which  were  statistically  significant. 

F  =  4. 17>  F  .05  =  2.86 

Differences  between  males  and  females  were  again  not  statistically  significant. 


Fig  .  21 A  . 


Seasonal  changes  in  serum  iodide  ^7 1  concentration 
of  burbot  collected  at  Lac  Ste .  Anne,  Alberta. 
Values  used  in  analysis  of  variance  plotted  as 
Numbers  indicate  sample  size. 

Bars  equal  one  standard  deviation. 


Fig .  21 B 


1 97 

Seasonal  changes  in  skin  iodide  '  I  concentration 
of  burbot  collected  at  Lac  Ste.  Anne,  Alberta. 
Values  were  used  in  analysis  of  variance  and 
numbers  indicate  sample  size. 
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Table  13.  Summary  of  statistical  tests  (Student's  t-test)  used  to  compare 
means  of  seasonal  serum  and  skin  samples  for  significant 
differences . 


Serum 


Groups 

Compared 

t 

calc . 

d  .f . 

t 

tabled 

level 
of  sig . 

Interpretation 

17/8/66 

29/10/66 

5.54 

9 

4.78 

.001 

Significant 

29/10/66 

5/1/67 

1  .85 

16 

- 

- 

Not  Significant 

5/1/67 

1/4/64 

2.01 

22 

1.72 

.1 

Questionable 

1/4/64 

18/5/66 

5.59 

16 

4.02 

.001 

Significant 

1 8/5/66 
15/7/66 

4.49 

7 

4.03 

.005 

Significant 

Skin 

Groups 

Compared 

t 

calc . 

d  .f . 

t 

tabled 

level 
of  sig . 

Interpretation 

30/9/66 

29/10/66 

4.71 

7 

4.03 

.005 

Significant 

29/10/66 

5/1/67 

3.55 

18 

3.20 

.005 

Significant 

5/1/67 

28/1/67 

2.43 

18 

2.10 

.05 

Significant 

29/10/66 

28/1/67 

2.82 

10 

2.63 

.025 

Significant 

28/1/67 

18/5/66 

2.05 

16 

1.75 

2.12 

.10 

.05 

Probably  Significant 

18/5/66 

2/6/66 

1.87 

22 

1.72 

.10 

Questionable 

28/1/67 

2/6/66 

2.87 

16 

2.47 

.025 

Significant 

2/6/66 

30/9/66 

1.66 

13 

1.35 

.20 

Questionable 

■  • 
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Student's  t-test  was  used  to  determine  if  differences  between  specific 
sample  means  were  significant.  The  results  of  these  comparisons  (Table  13) 
show  that  the  65%  fall  in  serum  iodide  concentrations  from  27.5  to  9.5  jjg%  between 
13  August  and  29  October,  when  the  lake  was  cooling,  is  highly  significant  (P^.001). 
From  October  to  April  when  the  lake  temperature  was  low  (1  to  2  C)  the  serum 
iodide  values  remained  fairly  constant.  As  the  lake  warmed  in  the  spring  the 
serum  iodide  again  increased  until  it  reached  a  concentration  which  was  more 
than  double  the  April  value  (P—  .001).  By  July  the  serum  iodide  concentrations 
had  increased  again  (P^  .005)  to  more  than  four  times  as  great  as  the  winter 
values.  The  remarkable  resemblance  of  the  seasonal  serum  iodide  curve  (Fig.  21A) 
to  the  temperature  of  the  water  in  Lac  Ste .  Anne  (Fig.  15)  suggests  that  the. changes 
are  a  direct  response  to  environmental  temperature. 

The  graph  of  skin  iodide  levels,  unlike  the  serum  iodide  curve,  shows  a 
biphasic  change.  By  29  October  the  values  had  fallen  to  45%  of  their  September 
level  (Pir  .005)  showing  the  same  pattern  as  was  seen  for  serum  values  (Fig.  21  A). 
Flowever,  by  28  January  the  skin  iodide  concentrations  showed  a  three  fold  increase. 
(P—  .025)  to  a  level  which  is  not  significantly  different  from  the  autumn  values . 

From  28  January  to  2  June  the  skin  iodide  values  again  decreased  (P—  .025)  to 
a  level  which  is  45%  of  the  midwinter  high  value.  The  obvious  explanation  for 
the  decline  in  both  serum  and  skin  iodide  levels  in  the  autumn  is  the  cooling  of 
the  water  temperature  in  the  lake.  The  subsequent  increase  in  skin  values  could 
represent  acclimation  to  lower  temperatures  but  this  leaves  no  interpretation  for 
the  second  decline  in  skin  iodide  seen  in  the  spring.  The  subject  will  be  con- 
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The  studies  of  Huang  (1967)  showed  seasonal  changes  in  the  relative 
amounts  of  free  inorganic  iodide  and  protein  bound  inorganic  iodide  in  the 
blood  of  fish.  Because  temperature  is  known  to  affect  the  equilibrium  between 
bound  and  free  ions  (Klotz,  1950;  Huang,  1967)  T/S  ratios  for  skin  were  cal¬ 
culated  using  the  mean  seasonal  ^7j  values;  these  are  given  in  Table  14. 

127 

During  the  period  28  January  to  15  July  T/S  ratios  for  skin  (based  on  I 
values)  show  on  inverse  relationship  with  temperature  (as  temperature  increases 
the  skin  T/S  values  decline).  During  the  period  October  to  January  this  rela¬ 
tionship  did  not  occur  (Table  14).  The  complexity  of  the  situation  indicates 
that  changes  in  a  binding  phenomena  can  explain  only  part  of  the  observed 
changes  in  T/S  ratios.  Other  factors,  at  present  unknown,  appear  to  be 


involved . 


. 


Table  14. 
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Relationship  between  environmental  temperature  and  T/S 
ratios  for  the  skin  of  burbot  from  Lac  Ste .  Anne.  Values  are 
based  on  mean  ^7j  concentrations  of  seasonal  samples. 


Date 

Temp.  C 

T/S  (127l) 

30/9/66 

13 

.18 

7/10/66 

12 

.50 

14/10/66 

8 

.30 

29/10/66 

4 

.24 

5/1/67 

1 

.33 

28/1/67 

1 

1.04 

1 8/5/66 

9 

.34 

2/6/66 

12 

.21 

15/7/66 

20 

.11 
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DISCUSSION 

CHARACTERIZATION  OF  THYROID  PROTEINASE 

The  diffuse  nature  of  the  teleost  thyroid  gland  imposes  an  important 
limitation  in  this  study.  Since  the  thyroid  follicles  are  scattered  loosely  around 
the  ventral  aorta,  the  gland  cannot  be  removed  free  of  the  ventral  aorta  and  sur¬ 
rounding  connective  tissue.  Consequently,  there  is  a  definite  possibility  that 
non-thyroidal  cells  contribute  enzymes  to  the  extract.  However,  the  high 
proportion  of  thyroid  tissue,  plus  the  fact  that  much  of  the  extrathyroidal  com¬ 
ponent  is  non-cel lular  material,  make  it  probable  that  most  of  the  enzyme  activity 
measured  is  of  thyroidal  origin. 

The  gradual  decline  in  the  reaction  rate  of  the  enzyme  after  the  first 
minutes  of  digestion,  as  seen  during  the  action  of  the  proteinase  upon  the  thyro- 
globulin  (Fig.  1A),  is  a  common  feature  of  hydrolytic  enzymes,  especially 
proteinoses  (Dixon  and  Webb,  1964).  The  cause  may  be  attributed  to  one  or 
more  of  several  factors:  1)  The  enzyme  may  undergo  autolysis  or  inactivation 
with  time.  2)  The  complexity  of  the  protein  substrate  being  hydrolyzed  may  be 
a  factor;  some  bonds  in  thyroglobul in  are  more  susceptible  to  hydrolysis  than 
others,  so  that  a  greater  porportion  of  more  readily  attacked  bonds  are  split 
during  the  early  period  of  the  digestion.  Bonds  hydrolyzed  later  in  the  incuba¬ 
tion  period  are  those  that  cannot  be  split  as  readily  (Kress  et  al . ,  1966).  There¬ 
fore,  the  reaction  rate  declines.  3)  The  products  of  the  reaction  may  be  in¬ 
hibitory  (Walter  and  Frieden,  1963),  or  the  products  may  have  a  limited  solu- 
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bility  in  TCA.  The  susceptibility  of  fish  proteinase  to  inactivation  by  relatively  low 
temperatures  indicates  that,  of  these  possibilities,  temperature  inactivation  is  the 
probable  cause . 

The  observations  discussed  in  the  preceeding  paragraph  help  to  explain  why 
the  proteinase  activity  failed  to  show  a  direct  linear  relationship  with  enzyme 
concentration  (Fig.  18  -  curves  B  and  C).  The  intense  color  of  the  reagent 
blank  observed  when  thyroglobul in  was  used  as  substrate,  caused  by  the  presence 
of  endogenous  proteinase  in  the  thyroglobulin  preparations,  suggests  that  product 
inhibition  may  have  been  important.  Walter  and  Frieden  (1963)  have  reviewed  this 
subject  and  emphasize  that  product  inhibition  is  not  only  more  common  than  realized 
but  also  effective  at  lower  product  concentrations  than  is  usually  appreciated. 

Since  thyroglobulin  hydrolysis  occurs  normally  in  the  phagosomes  from  which 
products  diffuse  freely  into  the  circulation,  the  enzyme  could  conceivably  be 
affected  when  exposed  to  higher  product  concentrations  during  in  vitro  studies. 

The  presence  of  inhibitors  in  the  enzyme  preparation  could  be  at  fault  (Dixon 
and  Webb,  1964).  Flowever,  experiments  in  which  the  enzyme  preparation  was 
dialyzed  against  distilled  water  to  remove  possible  inhibitors  failed  to  reveal 
any  change  in  enzyme  activity.  At  the  concentration  of  enzymes  used  in  the 
studies  the  stimulatory  effect  of  dialysis  would  be  low  and  might  not  be  distinguish¬ 
able.  The  tap  water  dialysis  experiment  suggests  that  either  the  removal  of  an 
inhibitor  or  the  addition  of  an  activator  (metal  ion)  occurred.  Only  the  second 
explanation  is  consistent  with  the  results  of  distilled  water  dialysis  studies  which 
failed  to  stimulate  enzyme  activity. 
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The  lower  activity  of  the  enzyme  on  thyroglobulin,  compared  to  hemo¬ 
globin  (Fig.  1A),  is  also  a  common  observation.  Many  catheptic  proteinoses 
show  greater  activity  on  hemoglobin  than  on  other  substrates  (Press,  Porter, 
and  Cebra,  1960;  Bodwell  and  Pearson,  1964;  Furlan,  1966).  The  anomalous 
relative  insensitivity  of  thyroglobulin  to  the  thyroid  proteinase  has  been  noted 
by  McQuillan  and  Trikojus  (1953).  The  failure,  in  the  present  study,  to  demon¬ 
strate  significant  activities  with  either  beef  or  fish  thyroglobulin  as  substrate 
indicates  that  interspecific  differences  in  the  structure  of  thyroglobulin  are  not  the 
explanation  for  the  low  rate  of  digestion. 

The  occurrence  of  significant  inactivation  at  30  C  was  initially  surprising, 
yet,  according  to  Sizer  (1943),  this  is  not  uncommon.  Ushakov  (1964)  has  sum¬ 
marized  recent  work  on  temperature  stability  and  emphasizes  that  enzyme  in¬ 
activation  temperatures  are  associated  with  the  temperature  range  encountered 
by  the  animal  in  nature.  Kusakina's  (1962)  data  on  cholinesterases  in  fish  pro¬ 
vide  an  excellent  example,  because  the  species  he  studied  inhabited  different 
thermal  zones  in  Lake  Baikal .  Those  species  inhabiting  warm  waters  had  a  more 
heat  stable  enzyme  than  did  those  inhabiting  the  cold  depths. 

The  thermal  stability  of  the  fish  enzyme  is  obviously  lower  than  that  of 
beef  spleen  cathepsin  D,  which  is  inactivated  after  40  min  at  60  C  (Press,  et  al . , 
1960).  By  comparison,  a  cathepsin  D  preparation  from  beef  thyroids  loses  75% 
of  its  activity  after  20  min  at  this  temperature  (Balasubramaniam  and  Deiss,  1965) 
although  chicken  muscle  cathepsin  D  is  stable  when  heated  to  60  C  (lodice,  Leong, 
and  We  instock,  1966).  These  differences  demonstrate  that  the  use  of  inactivation 
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temperatures  as  a  characteristic  of  cathepsin  D  is  limited  since  large  inter¬ 
specific  differences  occur.  In  fish,  where  the  inactivation  temperature  varies 
with  the  thermal  history  of  the  fish,  the  usefulness  of  this  criteria  is  more  restricted. 

The  three  pH  curves  in  Fig.  2  demonstrate  the  influence  of  temperature  on 
pH  optima.  The  pH  3.25  enzyme  is  apparently  more  temperature  sensitive  than  the 
pH  2.5  form.  With  longer  incubation  periods  the  pH  2.5  activity,  which  could 
have  a  higher  Q]Q  than  the  pH  3.25  enzyme,  shows  a  proportionately  greater 
increase  in  activity  and  masks  the  peak  representing  the  pH  3.25  enzyme.  A  pH 
curve  similar  to  the  90  and  135  min  curves  of  Fig.  2A  was  demonstrated  by  Llund- 
blad  et  al.  (1960)  and  interpreted  as  representing  two  separate  enzymes  while  the 
same  effect  went  unnoticed  in  the  work  of  Ekholm,  Smeds,  and  Strandberg  (1966). 

The  pH  curve  for  enzyme  prepared  from  the  thyroids  of  winter  fish  (Fig . 2 B) 
does  not  show  the  pH  3.25  enzyme.  Reference  to  Fig.  17B  shows  that  the  activity 
at  this  pH  was  reduced  during  the  winter;  moreover,  this  enzyme  from  winter  fish 
was  more  susceptible  to  thermal  inactivation  than  was  the  same  form  from  summer 
fish.  These  factors  explain  the  lack  of  a  pH  3.25  peak.  The  pH  curves  determined 
on  hemoglobin  and  thyroglobul in  show  differences  in  the  number  of  pH  optima. 
Hemoglobin  curve  Fig.  2A,  shows  three  peaks  while  thyroglobulin  curve.  Fig.  3A, 
shows  only  two.  The  incubation  period  for  thyroglobulin  was  relatively  long 
(6  hr)  so  that  if  an  enzyme  with  pH  optima  between  pH  3  and  pH  4  was  present 
and  had  a  low  inactivation  temperature,  it  too  might  be  obscured,  as  happened 
to  the  pH  3.25  enzyme  (hemoglobin  substrate)  in  Fig.  2A.  The  thyroglobulin 
curves  (Fig.  3A,  Fig.  3B  part  B)  might  show  three  peaks  if  the  duration  of  the 
incubation  period  was  reduced. 
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The  problem  of  enzyme  specificity  may  be  involved.  Reinwein  (1964) 
showed  that  there  was  a  thyroglobul in  specific  enzyme  present  in  human  thyroid 
extracts.  It  is  possible  that  similar  specificities  exist  in  fish  and  that  one  enzyme 
is  inactive  on  thyroglobul  in . 

Although  tempting,  it  is  not  valid  to  use  the  lower  radioisotope  pH 
curve  of  Fig.  3B  as  proof  for  the  suggestion  that  the  activity  of  pH  3.25  enzyme 
has  been  obscured  by  long  incubation  periods.  Both  isotope  curves  are  based  on 
very  low  activities  and  are  not  entirely  reliable.  They  do  confirm  the  pH  3  peak, 
seen  in  Fig.  3A,  and  suggest  the  presence  of  a  second  peak  at  about  pH  4.0.  The 
low  activity  is  a  further  indication  that  the  resistance  of  thyroglobulin  to  digestion 
is  real  and  not  an  artifact  of  the  Folin  Phenol  enzyme  analysis  method.  The 
difference  in  the  curves  which  used  thyroglobulin  as  substrate  may  indicate  inter¬ 
specific  differences.  The  more  probable  explanation  is  that  the  lack  of  sufficient 

reliable  observations  over  short  enough  incubation  periods  has  obscured  subtle 

\ 

features  of  the  enzyme's  characteristics. 

The  differences  in  pH  optima  obtained  with  different  substrates  is  con¬ 
sistent  with  the  results  of  other  proteinase  preparations  reported  in  the  literature 
(McQuillan  and  Trikojus,  1953;  Llundblad  et  al . ,  1960;  Reinwein,  1964).  These 
authors  have  all  shown  changes  in  the  pH  optima  of  thyroid  proteinase  when 
different  substrates  were  used. 

The  lowest  pH  optimum  found  for  hemoglobin  (pH  2.5)  is  on  the  extreme 
acid  side  of  the  range  of  values  reported  in  the  literature.  The  evidence  presented 
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in  Tabl  e  6  on  the  temperature  stability  of  the  fish  proteinase  provides  an  explana¬ 
tion.  The  susceptibility  to  inactivation  at  low  pH  is  significantly  reduced  at  low 
temperatures.  Thus  the  practice  in  this  study  of  analyzing  enzymes  at  25  and  30 C 
has  protected  the  enzyme  from  pH  inactivation.  The  result  is  a  lower  pH  optimum 
than  would  be  evident  at  higher  temperatures  (Fig.  11).  At  37  C,  the  temperature 
used  by  the  other  workers,  fish  enzyme  would  be  inactivated  at  pH  2.5  and  pro¬ 
bably  even  at  pH  3  or  greater.  The  optima  for  fish  proteinase  would  shift,  there¬ 
fore,  to  a  significantly  higher  pH  value  at  37  C.  Conversely,  if  mammalian 
preparations  were  analyzed  at  25  C  they  would  probably  show  a  shift  in  optima 
to  lower  pH  values. 

The  three  enzymes  demonstrated  on  hemoglobin  substrate  are  probably, 
though  not  certainly,  of  thyroidal  origin.  Multiple  proteinoses  have  been  dem¬ 
onstrated  at  pH  3.75,  pH  6.5,  and  pH  8 .5  (Llundblad  et  a  I . ,  1960) .  The  pH  8  .5 
activity  is  unusual;  Pastan  and  Almqvist  (1966a)  and  Jablonski  and  McQuillan 
(1967)  are  the  only  workers  reporting  such  an  occurrence.  Pastan  and  Almqvist 
(1966b)  have  identified  the  mast  cells  in  the  rat  thyroid  as  the  origin  of  the 
pH  8.t5  enzyme  but  the  similar  enzyme  described  for  the  pig  (Jablonski  and 
McQuillan,  1967)  may  not  have  the  same  origin.  Other  examples  of  multiple 
thyroid  proteinoses  with  different  acid  pH  optima  have  been  given  by  Alpers  et  al. 
(1955),  Haddad  and  Rail  (1960),  and  Shapland  (1964),  while  Llundblad  et  al. 
(1960),  Reinwein  (1964),  and  Ekholm  et  al.  (1966)  have  shown  the  presence  of 
two  forms  with  very  similar  pH  optima. 
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Weiss  (1953)  described  the  presence  of  a  metal  dependent  peptidase  in 
beef  thyroids.  This  was  confirmed  by  McQuillan  et  al .  (1954)  whose  work 
eventually  led  to  the  description  (by  Laver  and  Trikojus,  1956)  of  several 
peptidases  from  hog  thyroids.  Other  authors  have  meanwhile  demonstrated 
multiple  proteinoses  (Llundblad,  et  al.,  1960)  and  some  lysosomal  acid  hydro¬ 
lases  (Ekholm  et  al.,  1966;  Jablonski  and  McQuillan,  1967).  An  overwhelm¬ 
ing  body  of  evidence  has  accumulated  to  show  that  many  kinds  of  intracellular 
proteolytic  enzymes  are  found  in  thyroid  tissue.  There  is  even  some  evidence 
to  show  that  some  of  these  exist  in  multiple  forms. 

Several  studies  have  shown  that  purified  cathepsin  D  and  E  are  probably 
not  activated  by  cysteine  (Press  et  al . ,  1960;  Lapresle  and  Webb,  1962). 
lodice  et  al  .  (1966)  have  demonstrated  the  synergistic  effect  between  cath¬ 
epsin  A  and  cathepsin  D  in  muscle.  The  presence  of  several  peptidases  in 
mammalian  thyroid  preparations  makes  a  synergistic  relation  between  them 
and  the  proteinoses  likely. 

The  inhibition  of  fish  thyroid  extracts  by  EDTA  and  the  stimulation 
after  tap  water  dialysis  suggest  the  presence  of  a  metal  dependent  peptidase 
(Tables  2  and  3).  Although  the  tap  water  might  have  removed  an  inhibitor 
further  studies  with  distilled  water  failed  to  confirm  this.  The  variation  in 
the  magnitude  of  the  EDTA  effect  in  different  experiments  reported  in  Tables  2 
and  3  may  be  the  result  of  the  different  procedures  used  or  an  indication  of 
seasonal  differences  in  the  enzyme.  Evidence  for  other  seasonal  changes  in 
the  enzyme  is  given  in  Fig.  17B  and  Table  12.  It  may  be  significant  that 
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EDTA  had  its  greatest  effect  on  an  enzyme  preparation  made  from  thyroids  of 
summer  fish  (Table  2)  while  enzyme  prepared  from  winter  fish  thyroids  appeared 
more  stable.  Seasonal  variation  in  the  relative  enzyme  concentration  and 
response  to  iodoacetate  are  seen  in  Fig.  17B  and  Table  12. 

The  apparent  demonstration  of  a  sulfhydryl  dependent  proteinase 
(Table  3)  may  be  misleading.  Lapresle  and  Webb  (1962)  and  Press  et  al. 

(1960)  have  shown  that  neither  of  the  two  major  intracellular  proteinoses,  cath- 
epsin  D  or  Ef  appear  to  be  sulfhydryl  dependent.  Purified  thyroid  proteinoses 
have  been  unaffected  by  sulfhydryl  reagents  (McQuillan  and  Trikojus,  1953; 
Balasubramaniam  and  Deiss,  1965;  Kress  et  al.,  1966).  Therefore,  it  appears 
likely  that  the  stimulation  of  the  burbot  proteinase  by  sulfhydryl  reagents  is 
actually  a  response  of  a  sulfhydryl  dependent  peptidase  which  is  acting  syner- 
gistically  with  a  proteinase. 

The  evidence  presented  above  suggests  that  a  metal  dependent  enzyme 
and  a  sulfhydryl  dependent  enzyme  may  occur  in  fish  thyroid  extracts.  It  is 
not  known  whether  these  are  peptidases  or  true  proteinoses.  As  a  working 
hypothesis  it  is  suggested  that  the  composite  pH  curve  (Fig.  2A)  represents  the 
total  effect  of  the  synergistic  action  of  at  least  one  proteinase  and  one  or  more 
peptidases.  Because  thyroid  proteinoses  generally  exhibit  lower  pH  optima 
than  thyroid  peptidases  it  was  assumed  also  that  the  pH  2.5  enzyme  probably 
represents  the  optimum  pH  of  the  proteinase  (Shapland,  1964;  Jablonski  and 
McQuillan,  1967).  In  addition  it  was  assumed  that,  since  the  thyroid  pro¬ 
teinase  of  the  steer  was  of  the  cathepsin  D  type,  the  fish  enzyme  might  be 


a  cathepsin  D . 


There  is  evidence  to  suggest  that  multiple  forms  of  enzyme  1,  2,  and  3 
occur  in  the  burbot.  This  evidence  comes  from  the  temperature  inactivation 
studies  (Table  7),  the  rate-temperature  curves  (Fig.  13),  and  the  Km  determina¬ 
tions  (Fig.  12).  These  all  show  seasonal  differences  in  enzyme  1.  Such  dif¬ 
ferences  are  most  simply  explained  by  assuming  that  different  forms  of  each 
enzyme  are  present  at  different  times  of  the  year. 

The  relative  concentrations  of  hemoglobin  splitting  proteinoses 
(cathepsin  D)  in  different  tissues  have  been  reported  by  Kamner,  Peranio, 
and  Bruger  (1950),  Clements  (1957),  and  Bouma  and  Gruber  (1964).  In  the 
rat,  levels  of  cathepsin  D  are  found  to  decrease  in  the  sequence:  spleen^> 
kidney^>  liver.  The  levels  found  in  muscle  and  blood  are  much  lower  (Bouma 
and  Gruber,  1964).  Essentially  the  same  pattern  was  found  in  the  dog  (Kamner  et 
1950),  dogfish  shark  (Clements,  1957),  and  the  burbot  of  the  present  study.  The 
thyroids  of  the  dog  and  the  dogfish  shark  showed  higher  levels  of  enzyme  than 
the  spleen.  The  lower  concentrations  of  enzyme  in  the  burbot  thyroid  appears 
to  be  related  to  the  nature  of  the  thyroid.  In  the  dogfish  shark,  as  in  the  mammal 
the  thyroid  is  compact  and  encapsulated  while  in  the  teleost  it  is  diffuse.  Assumi 
that  the  burbot  "thyroid  sample"  contains  as  much  as  50%  of  the  actual  thyroid 
tissue,  enzyme  values  per  gram  of  thyroid  tissue  are  of  the  same  relative  magni¬ 
tude  as  found  in  the  thyroids  of  the  other  species. 
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BIOLOGICAL  ROLE  OF  PROTEINASE 

It  was  not  always  possible  to  stimulate  the  fish  thyroid  with  TSH  because 
of  the  unresponsiveness  of  fish  to  mammalian  hormones  (Olivereau,  1954); 
(Fontaine  and  Fontaine,  1957).  A  lack  of  knowledge  of  the  dose-response 
relationships  of  fish  to  TSH  was  probably  involved  (Powell,  Rahman,  and 
Deiss,  1964).  Variability  resulting  from  the  diffuse  nature  of  the  fish  thyroid 
and  the  seasonal  variation  of  the  physiological  processes  in  the  fish  made  the 
interpretation  of  the  obtained  results  difficult. 

Animals  treated  with  TSH  (Fig.  5A)  showed  a  maximum  stimulation 
of  the  thyroid  proteinase  at  six  hours.  This  compares  favorably  with  the 
work  of  Deiss  et  al  (1966)  who  showed  that  maximal  incorporation  of  isotopically 
labelled  thyroglobul in  into  colloid  droplets  occurred  at  six  hours.  Earlier, 
Poffenbarger  et  al .  (1963)  and  Powell  et  a  I  (1964)  showed  that  the  TSH  stimulated 
release  of  radioiodide  from  dog  thyroids  was  maximal  from  two  to  five  hours  after 
TSH  injection.  Taurog  and  Thio  (1966)  found  that  two  hours  were  required  for 
maximal  release  of  iodide  from  the  rabbit  thyroid.  The  reason  for  gradual  in¬ 
crease  in  activity  of  the  saline  injected  control  burbot  thyroids  (Fig.  5A)  is 
not  evident.  The  effect  may  have  physiological  significance  since  it  can  be 
seen  in  some  experiments  done  by  Deiss  et  al.  (1966).  The  simplest  explana¬ 
tion  is  that  it  might  be  the  result  of  stress  induced  by  handling,  which  has 
been  shown  to  have  complex  effects  on  the  thyroid  of  mammals  (Ducommun 
et  al . ,  1967) . 
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At  low  temperture  (5C,  Fig.  5 B)  TSH  had  no  effect  on  thyroid  proteinase 
activity.  This  may  have  been  caused  by  the  relative  ineffectiveness  of  mammalian 
TSH  at  low  temperatures  (Olivereau,  1954).  However,  the  positive  results  with 
fish  pituitary  extracts  support  the  observations  of  Fontaine  and  Fontaine  (1957) 
that  fish  TSH  is  equally  effective  on  fish  at  low  or  high  temperatures.  An 
alternative  explanation  is  that  the  fish  extract  had  a  much  higher  potency  than 
the  mammalian  TSH.  The  rapidity  of  the  response  to  fish  pituitary  preparations 
indicates  that  fish  are  capable  of  responding  as  quickly  as  mammals  to  TSH. 

It  is  interesting  to  note  that  the  increase  in  enzyme  activity  seen  in  the  controls 
of  Fig.  5 A  did  not  occur  in  the  study  shown  in  Fig.  5 B. 

Fish  pituitary  extract  failed  to  stimulate  thyroid  proteinase  activity  in 
April,  1967  (Fig.  6),  suggesting  low  TSH  potency  in  the  extract.  These  fish, 
unlike  the  animals  used  in  the  study  of  Fig.  5B,  also  failed  to  show  the  expected 
thromboplastic  response.  Freezing  may  have  inactivated  the  hormone.  In  June, 
1966  a  previously  frozen  preparation  of  mammalian  TSH  failed  to  stimulate 
thyroid  proteinase  when  other  fish  of  the  group  seemed  particularly  sensitive 
to  mammalian  TSH. 

DeRobertis  (1941)  first  studied  the  thyroid  proteinase  in  the  rat  ,  using 
a  semiquantitative  method.  He  showed  that  the  enzyme  activity  varied  with 
the  functional  state  of  the  gland  and  that  it  responded  to  exogenous  TSH. 

Dziemian  (1943)  confirmed  this  work  with  quantitative  methods  as  did  Watson 
and  Trikojus  (1957).  Loughlin,  McQuillan,  and  Trikojus  (1960)  extended  the 
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work  to  show  that  TSH  also  increased  the  levels  of  a  thyroid  peptidase  .  With 
this  background  it  was  concluded  that  the  thyroid  proteinase  mechanism  occurs 
in  fish  as  well  as  in  mammals. 

Mammalian  studies  have  not  always  shown  stimulation  of  thyroid  cathep- 
sin  after  TSH.  Irie  (1962),  for  example,  could  not  demonstrate  stimulation  even 
when  TSH  was  administered  to  the  living  animal.  His  use  of  a  non-optimal  pH 
probably  reduced  the  activity  levels  while  his  use  of  propylthiouracil  may  have 
inhibited  the  enzyme.  The  use  of  MMI  in  the  present  study  (Table  3)  inhibited 
the  enzyme,  as  did  urea  in  the  1954  study  of  McQuillan  et  al. 

The  mechanism  by  which  TSH  stimulates  proteolysis  in  the  thyroid  is 
unknown.  It  is  possible  that  the  hormone  acts  directly  on  the  enzyme.  How¬ 
ever,  failure  to  demonstrate  proteinase  stimulation  after  TSH  treatment  is  a  common 
result  of  in  vitro  studies  (Alpers  and  Rail,  1957;  Litonjua,  1960;  Irie,  1962).  The 
in  vitro  treatment  of  burbot  thyroid  proteinase  with  TSH  gave  negative  results 
(Fig.  10,  Table  5).  In  fact,  the  TSH  actually  inhibited  the  proteinase.  Alpers 
and  Rail  (1957)  had  earlier  shown  a  similar  effect  on  mammalian  proteinase  with 
one  specific  TSH  preparation.  The  results  of  a  number  of  studies  in  which  animals 
were  treated  with  pituitary  preparations  have  been  discussed  by  Pickford  and  Atz 
(1957).  Since  these  authors  note  that  inhibitory  substances  are  found  in  some 
pituitary  preparations  it  seems  reasonable  to  conclude  that  some  component  found 
in  the  TSH  preparations  used  in  the  present  study  acts  as  an  inhibitor.  The  results 
discussed  above  contrast  with  the  studies  of  Reinwein  (1964)  who  appears  to  have 
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shown  increased  enzyme  activity  when  the  TSH  was  added  to  the  thyroid  extract. 
Reinwein  has  emphasized  that  TSH  stimulation  occurred  only  when  thyroglobulin 
was  used  as  a  substrate. 

The  mechanism  of  TSH  activation  has  yet  to  be  explained.  The  results 
of  Poffenbarger  et  al .  (1959)  who  showed  increased  proteolysis  in  surviving 
thyroid  slices  after  prior  in  vivo  or  in  vitro  TSH  treatment  suggests  that  some 
cellular  organization  is  required.  The  work  of  Wollman  et  al.  (1964)  showed 
that  one  of  the  early  effects  of  TSH  must  be  the  stimulation  of  the  cell  mem¬ 
brane  to  initiate  pinocytosis.  Simultaneously,  the  transfer  of  lysosomal  enzymes 
to  the  pinocytotic  vacuoles  is  stimulated.  The  attempt  to  demonstrate  this  in  the 
burbot  (Fig.  7,  8,  and  9),  although  not  conclusive,  indicated  that  lysosomal 
enzymes  may  be  transferred  to  more  fragile  phagosomes.  The  results  of  the 
fish  study  showed  an  increase  in  the  total  enzyme  activity  after  the  thyroid 
had  been  stimulated  by  the  injection  of  TSH  into  the  fish.  Taurog  and  Thio 
(1966)  and  Schneider  and  Goldberg  (1965)  have  shown  that  the  increase  in 
enzyme  activity  in  response  to  TSH  (in  the  mammal)  does  not  depend  upon  protein 
synthesis;  the  increase  in  burbot  therefore  appears  to  have  resulted  through  the 
activation  of  pre-existing  enzyme. 

The  indication  that  TSH  stimulation  may  increase  the  activity  of  the  pH 
3.25  enzymes  proportionately  more  than  the  pH  2.5  enzymes  is  supported  by  the 
work  of  Deiss  et  al.  (1966).  These  workers  have  shown  recently  that  the  pH 
optimum  for  thyroglobulin  proteolysis  in  phagosomes  is  increased  by  TSH  stimulation. 
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Similar  findings  by  DeRobertis  (1941)  have  been  overlooked  in  the  literature. 
According  to  Deiss  et  al .  (1966)  the  effect  does  not  occur  if  the  enzyme  is 
free  in  solution.  This  implies  that  the  integrity  of  the  phagosome  particle  is 
an  important  factor  and  that  pH  optima  determined  for  enzymes  in  solution  may 
bear  little  relation  to  the  pH  optimum  under  physiological  conditions.  Never- 
thel  ess,  the  estimation  of  total  or  free  lysosomal  enzyme  appears  to  be  a  valid 
index  of  thyroid  activity. 

DIFFERENCES  IN  PROTEINASE  FROM  WARM  AND  COLD  ACCLIMATED  FISH 

Fig.  11  shows  that  the  optimal  pH  for  hemoglobin  digestion  for  the 
burbot  thyroid  is  temperature-dependent.  The  optima  of  both  enzyme  1  and 
enzyme  3  shift  towards  lower  pH  values  as  temperature  is  reduced.  Fig.  11 
(B  and  C)  suggest  that  enzyme  2  is  present  in  both  winter  and  summer  extracts 
and  that  it  shows  the  same  shift  in  pH  optima  with  decreasing  analysis  temperature. 
Because  of  the  methods  used  in  preparing  extracts  and  in  presenting  results  no 
significance  can  be  attached  to  the  quantitative  differences  in  enzyme  activity. 
The  observed  change  in  pH  optima  is  probably  related  to  differences  in  stability 
of  the  enzyme.  At  low  temperatures  (0  C)  the  enzyme  is  relatively  stable  at 
very  aci  d  pH  values  (pH  2.0)  but  at  high  temperatures  (30  C)  the  enzyme  is 
somewhat  inactived  even  at  pH  7  (Table  5).  Press  et  al .  (1960)  have  suggested 
a  similar  explanation  for  the  inactivation  of  mammalian  cathepsin  D  below  pH  3. 

Fig.  11  shows  that  there  are  no  significant  differences  in  the  pH  optima 
of  enzymes  extracted  from  winter  and  summer  fish.  This  is  best  seen  in  Fig.  11 
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part  B  (pH  2.0,  enzyme  1).  A  remarkable  feature  of  the  data  is  the  extremely 
acid  pH  optima  at  low  temperatures.  The  work  of  McQuillan  et  al  (1961)  and 
Stoll  et  al .  (1959)  have  shown  that  the  synergistic  action  of  other  enzymes 
with  the  proteinase  results  in  a  significant  release  of  iodoamino  acids  at  pH 
values  above  the  optimum  of  the  proteinase.  In  some  cases  the  effect  of  the 
other  enzymes  (peptidase,  amylase,  glucuronidase)  is  to  maintain  the  hydro¬ 
lysis  rate  at  a  constant  value  even  though  the  digestion  may  occur  several  pH 
units  above  the  optimum  of  the  proteinase.  The  extremely  acid  "non  physiological" 
pH  optimum  of  the  proteinase  has  been  considered  a  major  problem  by  several 
workers  in  spite  of  the  demonstration  by  Rous  (1925)  that  the  pH  in  digestive 
vacuoles  of  monocytes,  as  in  protozoan  food  vacuoles  (Prosser  and  Brown,  1961) 
is  very  low  (pH  1  to  4) .  The  current  realization  that  a  similar  situation  may 
occur  in  thyroid  cells  (Wollman  et  al.,  1964)  should  help  to  correct  the  earlier 
misconception . 

The  sensitivity  of  the  thyroid  proteinase  to  temperature  inactivation 
suggested  that  inactivation  studies  might  provide  useful  information  about  seasonal 
changes  in  enzyme.  Enzyme  prepared  from  winter  fish  was  much  more  sensitive 
to  heat  than  enzyme  extracted  from  summer  fish  (Table  7).  Furthermore,  the 
pH  3.25  enzyme  was  more  heat  sensitive  than  the  other  two.  Thus  the  differences 
in  winter  and  summer  pH  curves  (Fig.  2)  determined  at  30C,  are  directly  attributable 
to  differences  in  temperature  stability.  The  increased  stability  in  summer  may 
have  functional  value  in  promoting  survival  at  extreme  temperatures.  It  is 
possible  that  the  differences  are  simply  a  concomittant  effect  of  change  in  some 
other  function  of  the  enzyme  such  as  its  activation  energy. 
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The  rate-temperature  curves  for  the  thyroid  proteinase  of  the  burbot 
(Fig.  13A  and  B)  are  unlike  most  rate-temperature  curves  seen  in  the  literature. 
Contrary  to  the  general  rule  (Sizer,  1943)  fish  proteinase  curves  show  neither 
high  Q]q  values  at  low  temperatures  nor  decreasing  Q]Q  values  at  high  temp¬ 
eratures.  They,  therefore,  contrast  sharply  with  the  curves  for  whole  animal  or 
tissue  respiration  shown  by  Freeman  (1950)  and  Peiss  and  Field  (1950).  Rieck, 
Belli,  and  Blaskovics  (i960)  have  shown  similar  curves  for  the  total  oxygen 
consumption  for  frogs,  Rana  sp.  Unfortunately,  they  offered  no  explanation 
for  the  observed  effect.  The  constancy  of  Q-|q  values  at  higher  temperatures 
for  burbot  enzyme  is  similar  to  the  results  of  Peiss  and  Field  (1950)  on  the 
Arctic  cod  (Boreogadus) .  The  restriction  of  the  analyses  (Fig.  13)  to  relatively 
low  temperatures  may  be  a  partial  explanation  for  the  failure  to  demonstrate 
decreasing  Q]q  values  at  high  temperatures. 

The  burbot  thyroid  proteinase  curves  resemble  curves  obtained  by  Massey 
(1953)  for  the  action  of  fumarase  at  different  temperatures  in  alkaline  solutions. 
Dixon  and  Webb  (1964)  have  noted  that,  to  their  knowledge,  Massey's  curves 
were  unique  in  that  the  slope  increased  above  the  critical  temperature.  There 
are  several  mechanisms  which  could  produce  the  biphasic  rate-temperature 
curve.  The  simplest  explanation  is  that  there  are  two  or  more  enzymes  present 
with  different  Q-|q  values.  The  presence  of  more  than  one  type  of  enzyme  in 
burbot  extracts  has  been  demonstrated  in  Fig.  2A  and  Table  2.  Seasonal  changes 
in  the  nature  of  the  enzymes  (Fig.  12,  13,  17  and  Table  7)  suggest  that  there  is 
probably  more  than  one  form  of  each  enzyme.  The  possible  existance  of  isozymes 
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arises.  Multiple  forms  of  cafhepsin  D  have  been  demonstrated  by  Press  et  al . 
(1960).  Proteinase  isozymes  could  explain  not  only  the  biphasic  rate  curve 
(Fig.  13)  but  also  the  seasonal  differences  observed  in  Fig.  12,  13,  17  and 
Table  7.  Unfortunately,  there  seems  to  be  no  conclusive  demonstration  of 
proteinase  isozymes. 

On  the  other  hand,  a  single  enzyme  could  be  involved.  Massey  (1953) 
has  argued  that  a  temperature  dependent  dissociation  of  an  enzyme  into  active 
subunits  possessing  different  activation  energies  than  the  parent  molecule 
would  produce  a  biphasic  effect.  Several  proteinoses  have  been  shown  to  have 
structural  subunits.  (Reithel,  1963;  Klotz,  1967).  It  is  apparently  not  known 
whether  the  subunits  retain  functional  activity.  Sizer  (1943)  outlined  other 
mechanisms  by  which  temperature  could  induce  changes  in  an  enzyme.  The 
altered  response  of  the  enzyme  to  a  variety  of  factors  such  as  temperature, 
pH,  ionic  strength,  and  specific  ions  could  produce  biphasic  curves.  This 
aspect  of  the  present  study  requires  and  deserves  more  study. 

A  remarkable  feature  of  the  rate-temperature  curves  is  the  occurrence 
of  low  QiQ  values  at  low  temperatures.  The  extracts  on  which  these  studies 
are  based  were  made  from  the  thyroids  of  fish  collected  between  January  and 
July.  During  most  of  this  time  the  lake  temperature  was  generally  cold, 
gradually  warming  to  about  5 C  at  the  end  of  April.  From  1st  May  to  mid 
July  temperature  increased  rapidly  to  about  20C.  Precht  (1958)  feels  that 
the  development  of  enzymes  with  low  Q]Q  VQlues  's  an  important  acclimation 
mechanism  in  that  the  effect  of  temperature  variations  on  metabolic  processes 
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is  reduced.  Thus  enzymes  with  relatively  low  Q-jq  values  could  help  to  stablize 
metabolic  processes  in  the  burbot  during  a  period  of  temperature  change. 

The  biphasic  pattern  of  curves  2,  3,  and  4  (Fig.  13  A  and  B)  which 
indicate  a  seasonal  change  in  the  critical  temperature  suggests  that  curve  1 
might  have  shown  a  similar  effect  if  the  analyses  were  carried  out  at  lower 
temperatures.  Assuming  this  to  be  true,  the  critical  temperature  in  January 
would  be  at  5  C  or  lower.  During  the  period  January  to  July  the  critical 
temperature  increased  parallelling  the  increase  in  the  lake  temperature.  At 
temperatures  below  this  point  the  proteinase  is  relatively  unaffected  by  small 
variations  in  temperature.  Thus  the  development  of  enzyme  with  a  higher 
critical  temperature  represents  a  means  of  stabilizing  proteinase  activity  at 
higher  temperatures.  Therefore,  the  changes  seen  in  Fig.  13  can  be  inter¬ 
preted  as  indicating  acclimation  to  warmer  temperatures.  The  initiation  of 
these  changes  in  January  and  February  is  puzzling.  Ushakov  (1964),  in  his 
review  on  the  effects  of  temperature  on  proteins,  noted  that  the  thermal 
stabilities  of  the  proteins  and  enzymes  of  poikilotherms  frequently  change 
during  periods  of  reproduction  or  at  times  of  hormonal  change  .  In  the  years 
1965  to  1967  burbot  at  Lac  Ste .  Anne  spawned  during  the  middle  of  March, 
so  that  the  change  in  the  temperature  characteristics  of  the  thyroid  proteinase 
are  correlated  with  the  reproductive  period.  Considering  the  year  to  year 
variations  in  the  date  at  which  Lac  Ste.  Anne  begins  to  warm  and  the  rapidity 
of  the  process  once  the  ice  is  gone,  the  initiation  of  acclimation  to  warmer 
temperatures  in  February  is  reasonable. 
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If  the  changes  in  critical  temperature  are  related  to  the  process  of 
temperature  acclimation  it  would  be  mid  June  (under  natural  conditions)  before 
the  enzyme  would  operate  above  its  ciritical  temperature.  If  the  critical  tempera¬ 
ture  indicates  the  limit  of  acclimation  the  failure  of  July  enzyme  to  show  a  higher 
critical  temperature  than  15  C  may  indicate  that  15  C  is  the  upper  limit  for 
capacity  acclimiation  in  the  adult  burbot.  That  is,  the  animal  cannot  acclimate 
so  as  to  maintain  usual  levels  of  metabolism  at  temperatures  higher  than  15  C.  Ob¬ 
servations  at  Lac  Ste .  Anne  have  indicated  that  very  few  burbot  are  caught  after 
the  end  of  June.  Since  the  trap  net  depends  upon  the  movement  of  the  fish  it 
appears  that  burbot  are  less  active  during  the  summer,  as  has  been  reported  by 
Nikolsky  (1963). 

Although  the  burbot  appears  to  have  a  limited  capacity  to  acclimate  to 
high  temperatures,  its  ability  to  function  at  low  temperatures  is  outstanding.  The 
burbot,  being  of  Arctic  origin  (Zenkevitch,  1963),  is  probably  basically  adapted 
for  cold  conditions.  The  performance  of  reproductive  activities  at  temperatures 
of  O  C  to  3  C  plus  the  observation  that  the  optimal  temperature  for  the  develop¬ 
ment  of  the  young  is  O  C  to  3  C  supports  this  (Evropeiziva,  1947),  as  do  the 
observations  that  the  burbot  retires  to  the  cold  depths  of  lakes  during  the  summer 
(Hubbs  and  Lagler,  1947;  Lawler,  1963).  Evidence  consistent  with  this  inter¬ 
pretation  is  obtained  from  Fig.  13B.  These  curves  show  that  the  activation  energy 
of  the  enzyme  is  lower  at  low  temperatures,  suggesting  a  more  efficient  operation 
under  these  conditions.  The  significance  of  the  slope  of  the  rate-temperature 
curve  above  the  critical  temperature  is  not  clear.  In  nature,  animals  would 
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not  operate  at  temperatures  of  this  range  until  June.  During  most  of  the  year 
(October  to  June)  the  special  properties  of  the  enzyme  exhibited  at  these 
temperatures  would  be  non-functional.  This  does  not  preclude  the  possibility 
that  the  thyroid  proteinase  is  important  in  high  temperature  resistance  acclimation. 

IODIDE  DISTRIBUTION  STUDIES 

Hickman  (1962)  has  evaluated  the  role  of  environmental  factors  in  iodide 
metabolism.  His  work  clearly  demonstrates  that  in  fish,  there  may  be  large 
seasonal  variations  in  environmental  and  body  iodide  levels.  The  mean  con¬ 
centration  of  iodide  in  Lac  Ste .  Anne  is  0 . 154  jjg/l iter ,  much  lower  than  the 
concentration  fround  in  the  ocean  (43  pg/l iter) .  The  recent  Pleistocene 
(Zenkevitch,  1963)  origin  of  the  burbot  from  a  marine  form  in  an  iodine 
rich  habitat  made  a  knowledge  of  the  burbot's  iodide  metabolism  a  necessity. 

If  the  animal  was  exposed  to  chronic  or  seasonal  dificiencies  in  iodide  varia¬ 
tions  in  the  thyroid  activity  (Hickman,  1962;  Eales,  1963)  could  result. 

The  initial  T/S  ratio  in  Fig.  18  and  19  seem  to  be  related,  in  part, 
to  the  blood  supply  of  the  various  tissues.  T/S  values  of  kidney  and  gill 
(Fig.  19),  which  are  well  supplied  with  blood,  were  fairly  high  initially  and 
showed  little  change  with  time.  Radioiodide  penetrated  the  brain  more  slowly; 
tissue  levels  were  never  as  high  as  kidney.  This  may  indicate  that  iodide  is 
largely  excluded  from  the  cerebral  spinal  fluid  (Wallace  and  Brodie,  1939). 

The  pattern  for  muscle  was  different.  The  increased  T/S  ratios  in  muscle  after 
three  days  may  indicate  that  labelled  thyroid  hormone  had  begun  to  enter  the 
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the  circulation.  Tata  (1964)  has  shown  that  mammalian  muscle,  although  having 
a  low  thyroxine  turnover  rate,  may  accumulate  significant  amounts  of  hormone. 

The  burbot's  skin  rapidly  accumulated  extremely  high  concentrations 
of  radioiodide  (Fig.  18).  Peak  values  occurred  at  30  hr  and  had  declined 
significantly  by  72  hr.  Gennaro  and  Clements  (1956)  found  that  iodide  was 
concentrated  by  the  dark  dorsal  skin  of  the  frog  to  a  greater  extent  than  by  the 
paler  ventral  skin  and  that  the  iodide  was  incorporated  into  moniodotyrosine 
(MIT)  d  i  iodotyrosine  (DIT).  Taurog  and  Evans  (1967)  have  recently  confirmed 
the  existence  of  an  extrathyroidal  synthesis  of  thyroxine  in  the  rat .  Their  work 
suggests  that  the  iodide  accumulated  in  the  skin  of  the  burbot  could  be  iodinating 
tyrosine  which  might  be  released  to  the  circulation.  McNabb  (1963)  found 
evidence  to  suggest  that  the  skin  of  the  rainbow  trout  was  capable  of  synthesizing 
thyroxine.  However,  in  view  of  the  report  of  Jacoby  and  Hickman  (1966),  who 
showed  that  iodophenols  underwent  a  spontaneous  iodination  with  radioisotope 
(exchange  labelling)  on  chromatograms  under  the  conditions  used  by  McNabb, 
the  validity  of  McNabb's  findings  is  uncertain. 

Other  factors  are  involved  in  the  secondary  decline  in  skin  T/S  ratios. 
Probably  a  redistribution  of  radioiodide  among  tissues  occurs.  The  decline  in 
T/S  ratios  will  be  accentuated  by  the  use  of  total  serum  radioiodide  concentra¬ 
tions  (instead  of  the  actual  inorganic  iodide  values)  in  the  calculations.  The 
apparent  inorganic  concentration  (approximated  by  the  total  radioiodide  in 
the  serum)  will  be  greater  than  the  true  value  because  small  amounts  of  radio¬ 
hormone  will  be  present.  During  the  early  part  of  the  study  this  effect  will  be 
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negligible;  later,  when  the  fraction  of  radiohormone  begins  to  increase,  the  T/S 
ratio  will  appear  to  decrease. 

The  results  of  stable  iodide  analyses  of  serum  and  skin  samples  collected 
at  all  seasons  from  Lac  Ste ,  Anne  burbot  and  presented  in  Fig.  21  show  major 
changes  during  the  course  of  the  year.  The  stable  iodide  concentration  in  burbot 
serum  yielded  values  ranging  from  7  jjg%  to  30  pg%.  By  comparison,  values  for 
skin  ranged  from  227  yg%  to  816  jjg%.  The  values  for  skin  are  remarkably  high, 
equaling  or  exceeding  those  reported  by  Vinogradov  (1953)  for  12  species  from 
both  marine  and  fresh  water  habitats.  Members  of  the  order  Gadiformes  were  the 
only  teleosts  having  skin  iodide  concentrations  similar  to  the  burbot;  only  the 
marine  cod  (Gadus  morrhua  and  Gadus  aeglefinus)  had  higher  values  than  the 
burbot.  The  ability  of  the  burbot  to  maintain,  in  the  skin,  concentrations  of 
iodide  many  times  the  concentration  of  sea  water  is  remarkable.  These  concentra¬ 
tions  are  even  more  remarkable  when  it  is  realized  that  the  iodine  content  of  Lac 
Ste.  Anne  is  0.3  to  0.4%  of  that  in  the  ocean  (Hickman,  1962).  Vinogradov 
(1953)  has  noted  that  quite  different  values  have  been  obtained  for  the  iodide 
content  of  cod  skin  by  American  and  European  workers.  He  suggests  that  the 
food  of  the  two  populations  may  have  a  different  iodide  content.  Differences  in 
food  supply  may  be  important  but  in  an  environment  as  rich  in  iodide  as  the  sea  it 
would  not  appear  that  iodide  values  were  limited  by  the  availability  of  iodide. 

In  view  of  the  burbot's  seasonal  changes  in  iodide  it  seems  likely  that  seasonal 
changes  related  to  some  aspect  of  the  cod's  physiology  may  be  the  cause  of  the 


differences . 


r  '  .1  .1  -.,1  ;  c 


■ 


104. 


Of  the  other  fish  species  from  Lac  Ste .  Anne  which  have  been  studied, 
only  the  whitefish  (Coregonus  clupeaformis)  has  higher  blood  values  (16  -  48 
jug%  -  Hickman,  1962).  Lower  values  were  found  in  the  sucker,  Catostomus 
commersonii  (2  |ug%),  the  pike,  Esox  lucius  (11  jjg%),  and  the  walleye,  Stizo- 
stedion  vitreum  (5  -  9  fjg%  -  Hickman,  1962,  1967).  The  high  blood  iodide 
concentrations  in  the  whitefish  are  caused  by  the  presence  of  a  plasma  protein 
fraction  which  binds  inorganic  iodide  (Huange,  1967).  The  bound  iodide  may 
serve  as  a  storage  depot  for  inorganic  iodide  (Leloup  and  Fontaine,  1960),  a 
function  which  would  especial ly  advantageous  if  a  fish  inhabited  a  low  iodide 
environment  or  experienced  significant  seasonal  differences  in  iodide  require¬ 
ments.  Although  burbot  blood  does  not  bind  inorganic  iodide  (Huang,  1967) 
its  skin  may  serve  as  a  reservoir  of  iodide. 

One  aspect  of  the  work  of  interest  is  the  demonstration  that  significant 
amounts  of  iodide  are  lost  from  the  serum  and  skin  during  the  fall.  If  these  losses 
are  severe  enough  the  animal  could  experience  a  deficiency  of  iodide  whiph 
might  produce  a  compensatory  increase  in  thyroid  activity.  Estimates  of  the 
amount  of  iodide  lost  are  presented  in  Table  15.  These  values  were  calculated 
by  assuming  that  the  blood  volume  of  the  burbot  equals  that  of  the  cod,  Gadus 
morrhua  (Ronald  et  al  .,  1964).  Skin  was  assumed  to  represent  10%  of  the  body 
weight.  The  Table  shows  that  a  loss  of  600  jug  +  5.3  jjg  or  605 .3  yug  of  iodide 
would  occur  from  a  1  Kg  burbot  during  a  two  month  period  in  the  autumn  . 

A  loss  of  iodide  at  the  same  time  as  a  rapid  change  in  environmental 
temperature  could  be  associated  with  a  disturbance  in  ionic  regulation.  Hick- 
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Table  15. 


Results  of  calculations  made  to  estimate  the  amount  of  iodide 
lost  from  skin  and  blood  over  a  period  of  2  months  in  the  fall. 
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man  (1962)  suggested  that  excretion  of  iodide  might  exceed  uptake  at  low 
temperatures.  Woodhead  and  Woodhead  (1959)  showed  that  cod  exposed  to  2  C 
water  developed  an  ionic  imbalance  that  was  often  lethal.  Wikgren  (1953)  noted 
that  the  effect  of  low  temperature  on  ionic  balance  appeared  to  be  caused  by  an 
inhibition  of  the  active  uptake  mechanism  by  cold.  Thus  a  failure  to  replace  ions 
as  rapidly  as  they  are  lost  through  diffusion  could  explain  the  disappearance  of 
iodide  from  the  burbot.  This  loss  would  be  accelerated  if  dietary  intake  of 
iodide  was  also  reduced  at  low  temperatures  (Barrington ,  1957).  However, 
since  burbot  digestion  is  supposed  to  be  optimal  at  10  C  (Gomazkov,  1959), 
and  burbot  caught  at  Lac  Ste .  Anne  in  the  fall  and  early  winter  were  usually 
gorged  with  food,  nutritional  effects  are  probably  not  a  significant  factor. 

The  acclimation  studies  (Fig.  20  and  Table  15)  showed  an  inverse  relation¬ 
ship  between  T/S  ratios  for  skin  and  temperature,  suggesting  that  seasonal  changes 
in  serum  iodide  might  be  associated  with  changes  in  the  equilibrium  between  skin 
and  serum  (Klotz,  1950).  The  relationship  is  demonstrated  by  the  data  presented 
below.  On  22/7/66  fish  were  transported  from  Lac  Ste.  Anne  and  held  overnight 
at  temperatures  10  to  12  C  below  lake  temperature  (18  C).  When  analyzed, 
serum  iodide  concentrations  had  decreased  42%  and  skin  iodide  increased  to 
120%,  relative  to  samples  collected  at  lake  temperatures  a  week  earlier. 

Probably  an  equilibrium  exists  between  skin  and  blood  iodide  and  the  binding 
of  iodide  is  increased  at  low  temperatures.  Klotz  (1950)  showed  that  this  is 
possible  but  the  magnitude  of  the  temperature  effect  demonstrated  in  the  burbot 
is  much  greater  than  those  shown  by  Klotz  (1950)  or  Huang  (1967).  A  simple 
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change  in  an  equilibrium  cannot  explain  completely  the  complex  biphasic  changes 
in  skin  iodide  (Fig.  21B). 


Calculations  were  made  to  evaluate  the  possibility  that  the  skin  iodide 
might  be  utilized  by  the  thyroid.  It  was  assumed  that  23%  of  the  iodide  entering 
the  thyroid  gland  would  be  synthesized  into  iodothyronines .  If  all  the  skin  iodide 
lost  over  a  two  month  period  was  accumulated  by  the  thyroid  1 40 jjg  of  iodide  or 
222  jjg  of  iodothyronine  would  have  been  produced.  If  all  this  was  secreted  as 
hormone  the  secretion  rate  would  be  0. 37  jjg/day/100  g.  This  value  compares 
favorably  with  rates  given  by  Leloup  and  Fontaine  (1960),  who  reported  values 
of  0. 18  jug/day/100  g  for  resting  rainbow  trout  and  0.35 yug/day/100  g  for  active 
fish.  Thus  the  depletion  of  skin  iodide  in  the  autumn  could  indicate  an  increased 
synthesis  of  thyroid  hormone,  a  conclusion  which  is  supported  by  the  enzyme  data 
in  Fig.  17.  The  recovery  of  skin  iodide  levels  in  January  would  indicate  that 
the  thyroid  was  no  longer  drawing  upon  the  iodide  reserves. 


SEASONAL  CHANGES  IN  PROTEINASE  ACTIVITY  IN  RELATION  TO  TEMPERATURE 
ACCLIMATION 

The  interpretation  of  the  significance  of  the  seasonal  changes  in  thyroid 
proteinase  activity  seen  in  Fig.  17A  and  17B  must  account  for: 

low  levels  of  thyroid  enzyme  activity  during  the  summer  and  winter, 
a  relatively  high  activity  during  the  fall . 
a  transitory  increase  in  the  spring. 

It  is  apparent  that  the  periods  during  which  the  enzyme  activity  is  high  are  also 
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the  times  when  the  temperature  of  the  aquatic  environment  is  changing.  This 
supports  Hickman's  (1959)  suggestion  that  the  thyroid  might  be  important  during 
periods  of  environmental  stress. 

There  seem  to  be  two  possible  interpretations  for  the  data.  Increased 
amounts  of  thyroid  hormone  may  be  required  only  during  the  process  of  acclima¬ 
tion.  It  is  possible  that  once  acclimated  burbot  would  require  only  low  levels  of 
thyroid  hormone.  The  transitory  nature  of  the  increased  thyroid  activity  in  Fig. 

17A  supports  this  view.  The  data  of  Fig.  6  suggested  that  TSH  stimulation  is 
probably  greater  during  the  fall.  The  work  of  Hoffert  and  Fromm(l959)  on  rain¬ 
bow  trout  previously  discussed,  showed  a  relative  increase  in  the  thyroid  hormone 
secretion  rate  at  low  temperatures.  This  increase  was  measured  before  the  trout 
were  completely  acclimated.  Therefore,  it  is  possible  that  the  increase  in  thyroid 
enzyme  in  the  fall  serves  to  initiate  the  acclimation  process.  It  seems  that  increased 
levels  of  thyroid  enzymes  maintained  during  the  fall  result  from  increased  TSH 
secretion.  After  the  animal  has  acclimated  TSH  production  decreases  and  thyroid 
enzyme  activity  falls. 

A  similar  explanation  may  apply  to  the  increased  activity  of  thyroid  pro¬ 
teinoses  seen  in  June  (Fig.  17).  If  thyroid  hormone  is  important  in  the  process 
of  acclimation  an  increase  in  hormone  production  (and  an  increase  in  proteinase 
activity)  could  be  expected  in  both  spring  and  fall.  The  depletion  of  skin  iodide 
stores  in  the  spring  could  be  another  indication  of  increased  thyroid  activity  at 
these  times.  The  reason  for  the  short  duration  of  the  peak  thyroid  enzyme  activity 
in  spring  may  be  related  to  the  differences  in  the  process  of  acclimation  to  low 
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temperature  as  opposed  to  acclimation  to  high  temperature.  Konishi  and 
Hickman  (1964)  presented  evidence  to  support  the  idea  that  acclimation  of 
neural  processes  to  cold  and  heat  by  rainbow  trout  may  not  involve  the  same 
mechanisms.  In  fact,  some  aspects  of  neural  function  may  not  acclimate  to 
higher  temperatures. 

Another  possible  explanation  is  that  the  June  response  could  represent 
an  overshoot  of  thyroid  metabolism  in  response  to  increased  temperatures.  This 
could  reasonably  be  expected  since  the  temperature  in  June  would  reach  10  to 
15  C.  Fig.  13  has  demonstrated  that  temperature  variation  during  the  summer 
(when  the  temperature  is  above  10  to  15  C)  will  have  a  relatively  greater  effect 
on  the  activity  of  the  enzyme  than  the  same  temperature  change  occuring  below 
the  critical  temperature.  That  is,  at  temperatures  exceeding  10  to  15  C  the 
enzyme  has  a  higher  range  of  Q-|0  values.  Since  temperature  dependent 
overshoots  in  fish  metabolic  processes  may  last  for  weeks  (Grainger,  1958)  the 
apparently  extended  duration  of  the  response  by  burbot  enzyme  poses  no  problem 
to  this  interpretation. 

The  preceeding  interpretation  has  a  major  weakness.  It  fails  to  take 
into  consideration  the  differences  between  enzymes  from  summer  and  winter 
fish.  This  study  has  clearly  demonstrated  that  differences  in  thermal  stability, 
temperature  coefficient,  Michaelis  Constants,  and  cofactor  relationships  exist. 
These  force  one  to  conclude  that  different  enzymes  are  involved.  In  addition 
to  these  differences.  Fig.  17B  shows  that  the  relative  concentrations  of  the 
different  thyroidal  enzymes  change.  Although  the  changes  in  enzyme  might 
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represent  enzyme  acclimation  for  efficient  functioning  at  low  temperatures  there 
is  another  possibility,  that  is,  low  temperature  acclimation  of  the  thyroid  release 
system  might  result  in  a  change  in  the  nature  of  the  thyroid  hormone  released 
which  in  turn  would  alter  the  nature  or  relative  concentration  of  circulating 
thyroid  hormones. 

There  is  evidence  in  the  literature  to  indicate  that  changes  in  the  com¬ 
position  of  the  circulating  thyroid  hormone  does  in  fact,  occur.  Laver  and 
Trikojus  (1956)  showed  that  a  carboxypeptidase  from  porcine  thyroids  pre¬ 
ferentially  released  diiodtyrosine,  whereas  the  proteinase  preferentially 
released  monoiodotyrosine .  It  is  probable  that  the  release  of  triiodothyronine 
and  thyroxine  would  show  similar  differences.  Albright,  Heninger,  and  Larson 
(1965)  showed  that  cold  induced  hyperthyroidism  caused  a  change  in  the  relative 
amounts  of  circulating  triiodothyronine  (T3)  and  thyroxine  (T4).  In  the  rat  the 
T3/T 4  ratio  increased.  Gorbman  (1959)  and  Berg,  Gorbman,  and  Kobayashi 
(1959)  have  shown  that  in  Umbra  sp.  the  production  of  labelled  thyroxine  was 
very  high  at  low  temperatures.  Moreover,  another  series  of  studies  showed  that 
the  synthesis  of  triiodothyronine  relative  to  thyroxine  was  increased  at  low  temp¬ 
eratures.  These  results,  although  complicated  by  differences  in  season,  species, 
and  iodide  availability  (Leloup  and  Lachiver,  1955)  demonstrate  that,  in  fish, 
as  in  mammals  the  relative  T3:T4  concentration  is  important.  Some  idea  of  the 
significance  of  the  increase  in  T3  concentration  can  be  obtained  from  Hochachka's 
(1962)  work.  This  demonstrated  not  only  that  thyroid  hormone  and  low  temperature 
acclimation  have  the  same  effect  on  the  pentose  phosphate  pathway  but  showed 
also  that  T3  was  much  more  effective  than  thyroxine. 
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Therefore,  one  can  conclude  that  temperature  acclimation  of  the  thyroid 
may  occur  in  two  ways.  During  periods  of  rapid  temperature  change  increased  pro¬ 
duction  of  TSH  by  the  pituitary  could  maintain  thyroid  activity  at  the  required 
level  until  acclimation  at  the  cellular  and  enzyme  levels  occurred.  These 
changes,  would  result  in  an  alteration  of  the  ratio  of  the  two  thyroid  hormones. 

As  a  result  a  more  effective  form  of  hormone,  rather  than  an  increased  concentra¬ 
tion  of  hormone, would  satisfy  the  needs  of  the  organism. 
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SUMMARY 

1  .  Extracts  of  the  thyroid  tissue  of  the  burbot.  Lota  lota  L.  contain  at  least 
three  proteolytic  enzymes  with  different  acid  pH  optima,  as  measured  on 
hemoglobin  substrate.  These  are  called  enzyme  1,2,  and  3  with  enzyme 
1  being  that  with  the  most  acid  pH  optima. 

2.  The  activity  of  the  enzymes  was  studied  using  bovine  hemoglobin, 
bovine  thyroglobul in ,  and  fish  thyroglobul in  as  substrates.  The  activity 
of  the  enzyme  is  much  greater  on  hemoglobin. 

3.  The  optimum  pH  values  vary  with  temperature.  Generally  three  optima 
are  shown  for  hemoglobin  hydrolysis  while  only  two  are  evident  when  the 
enzyme  acts  upon  thyroglobul  in  .  The  optima  for  thyroglobul  in  substrate 
tend  to  be  at  higher  pH  values. 

4.  The  concentration  of  enzyme  1  in  different  tissues  has  been  shown  to  increase 
in  the  sequence  blood  <xnuscle  thyroid  <C  liver  kidney  spleen. 

5.  During  temperature  acclimation  the  concentration  of  enzyme  1  in  most  tissues 
remains  unchanged.  Spleen  enzyme  shows  a  significant  increase  in  the  low 
temperature  group  while  liver  proteinase  from  the  high  temperature  group 
shows  higher  activities. 

6.  The  enzymes  are  significantly  inactivated  (27%)  by  exposure  to  30  C  for 
one  hour  at  neutral  pH.  Although  the  enzyme  is  susceptible  to  acid  den- 
aturation  the  effect  is  reduced  at  lower  temperatures. 

The  pH  optima  for  the  three  enzymes  (hemoglobin)  are  not  constant.  These 
are  higher  at  30  C  and  decline  with  decreasing  temperature. 
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8.  The  proteinoses  are  stimulated  by  cysteine  and  inhibited  by  iodoacetate, 
glutathione ,  ferrous  ions,  MMI,  and  EDTA  at  concentrations  of  0.01  M. 

9.  Seasonal  differences  in  the  extent  of  iodoacetate  inhibition  of  enzyme  1 
have  been  demonstrated . 

10.  The  injection  of  TSH  into  burbot  produces  an  increase  in  proteinase 
activity  within  a  few  hours.  Maximal  stimulation  occurs  at  about  6 
hours  at  15  C . 

11  .  Doses  of  mammalian  TSH  effective  at  15  C  fail  to  stimubte  the  fish  thyroid 
at  5  C.  At  this  temperature  crude  fish  pituitary  extracts  were  effective. 

12.  Purified  TSH  acted  as  a  proteinase  inhibitor  when  added  to  enzyme  systems 
in  vitro . 

13.  Studies  on  enzymes  from  fish  collected  in  summer  and  winter  showed  that 
the  enzymes  were  not  the  same  although  they  possessed  the  same  pH 
optima . 

14.  Enzymes  from  fish  caught  in  the  summer  showed  less  inactivation  (5  -  6%) 
at  37  C  than  did  enzymes  from  fish  caught  during  the  winter  which  showed 
a  loss  of  45%  of  the  initial  activity. 

15.  The  Michaelis  constant  for  enzyme  1  from  fish  caught  in  summer  is  0.154  g%, 

higher  than  the  Km  for  the  same  enzyme  extracted  from  winter  fish,  which 

had  a  K  of  0.137  g%.  The  determination  was  done  on  hemoglobin  sub- 
mi 

strafe  (pH  2.5)  at  30  C. 

16.  Changes  in  the  rate-temperature  relationships  of  the  enzymes  occurred.  The 
curves  showed  a  discontinuity  with  higher  temperature  coefficents  above  the 
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critical  temperature.  During  the  period  January  to  July  the  critical 
temperature  increased  from  below  5  C  to  15  C. 

Changes  in  radioiodide  T/S  ratios  for  various  tissues  at  intervals  after 
injection  and  at  different  temperatures  were  studies.  Most  of  an  in¬ 
jected  dose  of  radioiodide  was  concentrated  in  the  skin  and  later  released. 
The  iodide  metabolism  of  the  burbot  is  dominated  by  the  skin,  which  may 
contain  as  much  a  816  pg%  of 

Seasonal  changes  in  the  stable  iodide  concentration  of  the  serum  parallel 
the  change  in  water  temperature  during  the  year.  Summer  values  of  30.8 
jjg%  fall  to  7.1  pg%  in  the  winter. 

The  concentration  of  iodide  in  the  skin  shows  a  complex  biphasic  change. 
These  changes  appear  to  be  partly  determined  by  environmental  temperature 
but  other  factors,  as  yet  unknown,  are  involved.  Skin  iodide  shows  high 
concentrations  in  January  (737  |ug%)  and  October  (816  pg%)  with  low 
values  in  May  (334jjg%)and  October  (227  pg%). 

The  concentration  of  enzyme  1  shows  changes  during  the  year.  Maximum 
activity  occurs  during  the  spring.  Activities  in  the  fall  are  high,  whereas 
values  for  summer  and  winter  are  lower  and  approximately  equal . 

The  relative  concentrations  of  enzymes  2  and  3  show  a  marked  reduction 
in  activity  during  the  fall.  In  the  spring,  as  the  lake  temperature  warms, 
the  relative  activity  of  these  enzymes  increases  again. 
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APPENDIX  1 


Studies  on  extraction  of  enzyme  from  fish  thyroid  tissue. 


Table  1.  Extraction  of  125j  labelled  thyroglobulin  from 

sliced  tissue  by  0.9%  NaCl  for  12  hours .  It  was 
assumed  that  this  would  give  an  indication  of  the 
efficiency  and  consistency  of  extraction  techniques . 


Weight 

g 

Dec .  11/64 . 

Sex  Thyroid 

wt .  mg 

%125I 

extracted 

%125I 
in  wash 

%125I 
res idue 

Total 

125i 

1056 

F 

215 

88 

4.6 

7.2 

99.8 

1003 

F 

237 

83 

5.1 

12.0 

100.1 

1199 

F 

232 

87 

6.5 

6.2 

99.7 

2381 

M 

280 

75 

7.5 

17.9 

100.4 

1223 

M 

216 

88 

— 

11.6 

100.0 

1308 

M 

116 

85 

“ ■ 

14.7 

99.8 

Table  2 

.  Effects  of  detergents  (Digitonin  and  Triton 

X-100) 

compared  to 

basic  saline 

extraction 

o 

Treatment 


Assay  time 
min 


pH 


TU  enzyme 


Control  40 

0.9%  NaCl  80 

Digitonin  40 

2 %  in  o,9%  80 

NaCl 

Control  60 

0  „ 9%  NaCl  60 

60 

Triton  X-100  60 

%  in  0 .8%  60 

NaCl  60 


Table  3.  Precision  of  enzyme 

mean  TU 

pH  2.5  proteinase  99.41 


2.5 

31.5 

2.5 

57.8 

2.5 

29.5 

2.5 

57.0 

2.5 

77,3 

3.25 

78.1 

4.0 

89.3 

2.5 

71.5 

3.25 

70.8 

4.0 

88.0 

lysis  on  hemoglobin  substrate. 


n 

SD 

Sx 

range 

12 

1.71 

0.492 

97 .0-102 .6 

■ 
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APPENDIX  2. 


Substrate  preparation 

Table  1  Effect  on  enzyme  activity  of  substrate  in 

suspension  as  opposed  to  substrate  in  solution,, 


Treatment 

Concentration 

g% 

Velocity 

TU/hr 

Velocity  after 
for  different 
concentrations 
1 . 39g% 

correcting 

substrate 

TU/hr 

2.0  s,% 

Hemoglobin 
s  olu t ion 

1.39 

45 

45 

47 

Hemoglobin 

suspension 

0 . 71 

37 

41 

42 

Table  2  Effect  of  substrate  concentration  on  enzyme  activity. 

Substrate  concentration  Enzyme  Velocity  Enzyme  Velocity 
_ _ z%  hemoglobin  18/5/66  TU/hr  5/1/67  TU/hr 


2.03 

70 

72 

1.21 

64 

68 

0 .70 

61 

64 

0.39 

54 

56 

0.19 

42 

45 

0.11 

30 

34 

Table  3  Comparison  of  methods  of  hemoglobin  assay. 


S  ample 

Cyanmethemoglobin 

&% 

Phenol  Reagent 
Hemoglobin 

Gravimetric 

A 

5.36 

2.25 

7.41 

B 

2.90 

1.85 

5.12 

C 

— 

1.43 

4.34 

D 

—  — 

0.93 

2.21 

E 

—  — 

0.52 

1.13 

F 

—  — 

0 .28 

0.59 

.1 
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APPENDIX  3 , 


Stable  Iodide  Analysis 


Table  lc  Brands  of  reagents  found  suitable  for  analysis , 


1,  Arsenious  trioxide  (AS2O3) 

2,  Brucine  (^23^26^4^2) 

3  ,  Ceric  ammonium  sulfate 
(NH4) 4Ce (S04) o2H20 

4,  Acid  hydrochloric 
5  ,  Sodium  hydroxide 

6,  Potassium  iodide 

70  Sodium  carbonate  anhydrous 

8,  Sulfuric  acid 

9,  Zinc  sulphate 


Analytical  reagent, 

Mallinckrodt  Chemical  Works 

Laboratory  reagent. 

The  British  Drug  Houses  Ltd, 

Specially  prepared  for  the 
protein  bound  iodine  determin¬ 
ation. 

The  G.  Frederick  Smith  Chemical 
Co , 

Fisher  reagent  chemical 
Fisher  Scientific  Co,  Ltd, 

’’Baker  analyzed’*  reagent, 

J,  J,  Baker  Chemical  Co, 

Reagent  crystals  Shawinigan 
McArthur  Chemical  Co,  Ltd, 

Reagent  granular  Shawinigan 
McArthur  Chemical  Co,  Ltd, 

Reagent  acid  sulfuric  Shawinigan 
McArthur  Chemical  Co,  Ltd, 

Reagent  granular  Shawinigan 
McArthur  Chemical  Co,  Ltd, 


Table  2,  Preparation  of  speed 

1,  Arsenious  acid  (HASO2) 

2,  Arsenious  acid  solution 

( standards ) 

3,  Arsenious  acid  (samples) 

4  ,  Brucine 

5,  Calibration  solution 


al  solutions  for  127j  analysis. 

Stock  solution,  3,8  g  AS2O3 
dissolved  in  50  ml  warm  N/l 
NaOH,  Add  50  m  H2O, 

4  parts  3.5  N  H2SO4. 

1  part  HAs02 

4  parts  H2O  4  parts  3,5 

N  H2S04  1  part  HAs02 

5  gm  brucine  /  1  liter  5%  H2S04 

5  parts  H2O 
1  part  2  N  HC1 
1  part  4  N  Na2C03 


* 


Table  3. 


Precision  of  Iodide  analysis  technique 


mean 

n  SD 

Sx  range 

Serum 

7.79 

yg%  10  0.929 

0.294  6.53-9.10jLig% 

Skin  127I 

3.24 

}xg/g  9  0.653 

0.218  2.31-4 . 04^ig/ g 

Table  4.  Data 

showing 

effects  of  K0H 

on  I27q  analyses. 

I odine  c one . 

%  T 

%  T 

Apparent  iodine  cone. 

r — 1 

s 

A 

Std.  method  K0H  method 

K0H  method  ug/ml 

h2o 

15.7 

9.2 

.01 

21.9 

12.8 

— 

.02 

28.2 

19.0 

.006 

.04 

44.3 

31.2 

.02 

.06 

56.6 

43.5 

.079 

.08 

66.7 

56.4 

.060 

.10 

74.6 

65.9 

.079 

.12 

80.8 

72.0 

.093 

.15 

86.2 

79.4 

.116 

.18 

89.3 

86.5 

.153 

.20 

90.3 

87.8 

.165 

T 


transmittance 


' 


Apparent  U7\  jjg/mi  %  Transmittanc 


I 

\ 
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APPENDIX  4 


Effect  of  temperature  on  activity  of  enzymes  collected  at  dif¬ 
ferent  times  of  the  year. 


Table  1A 


Temperature 

C 

Incubation 
period  hr 

J  U 
TU/hr 

L  Y 

Rel.  Act. 

FEBRUARY 
TU/hr  Rel.  Act 

0 

9.6 

1.96 

17.4 

2.40 

7.8 

5 

6.0 

2.89 

25.8 

3.61 

11.7 

10 

4.0 

4.10 

36.5 

5.50 

17.9 

15 

3.0 

6.12 

54.5 

9.95 

32.3 

20, 

1.5 

11.23 

100.0 

18.47 

60.0 

Table  IB 


Temperature 

Incubation 

M 

A  Y 

JAN 

U  A  R  Y 

C 

period  hr 

TU/hr 

Rel  Act. 

TU/hr 

Rel  Act 

0 

5 

5.0 

18.0 

21.2 

6.5 

8.3 

10 

2.8 

25.6 

30.2 

11.4 

14.5 

15 

2.0 

40.8 

48.0 

18.4 

23.4 

20 

1.0 

68.0 

80.0 

31.5 

40.0 
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